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Results of the work on Contract NO0014-91-J-1656, R&T Code 413h007---05.
are reported in the enclosed 20 papers. These include summaries in three
invited articles "Electrical Wiring of Redox Enzymes" (Accounts of Chemical
Research, 1990, 23, 128-134), "Electrical Connection of Enzyme Redox
Centers to Electrodes”, (J.Phys.Chem. 1992, 96. 3579-3587), and "Electron
Conducting Adducts of Water Soluble Redox Polyelectrolytes and Enzymes,
Katakis, 1., Vreeke, M., Ye, L., Aoki, A. and Heller, A. ("Advances in
Molecular & Cell Biology", Bengt Danielsson (Ed.) JAI Press Inc., (1993)).

The key results were the following:

. Enzymes made of electrically insulating proteins were made
electron conducting through incorporation of electron relaying
redox centers. The redox centers were covalently bound to
amino acids of proteins, particularly to lysine amines,!:2 or to
peripheral oligosaccharides of glycoproteins, of enzymes. When
peripherally bound. the redox functions were attached to the ends
of flexible spacer chains, that were long enough to allow deep

penetration of the redox functions into the protein shell.3

. Reaction centers of enzymes were electrically "wired". i.e.
electrically connected, through redox macromolecules to
electrodes.4-9 Wiring was effective when the redox
macromolecules were water soluble and formed electrostatic
adducts with the enzymes.4.10 The adducts of enzymes and
polymers were crosslinked with water soluble crosslinkers, to

form electron conducting hydrogels. Electrons from reaction

o]

Looe v o

2

‘



Accesion For

NT!S CRA&]
D:. 'AB

U 1.0 ced

J . rdicn
—

)
D
O

By ..
Dt .t ivtiang

.. P

EAIEETRS PR PRI

-sanbility Cocies

Dist

v i e ]
Aval angjer
Special

L‘A—L }

centers of enzymes were routed via polymer skeletons of these
hydrogels to electrodes. Because water soluble substrates and
products of the enzyme permeated rapidly through the hydrogel,
the turnover of the gel-bound enzymes was not limited by
diffusion of substrates or products into or from the gel. When
the electron transfer from the enzyme to the redox polymer was
sufficiently rapid and when the hydrogels' electron diffusion
coefficients approached ~10-8¢m?2 sec-l, substrates were
electrooxidized and electroreduced at high rates.6.11 The current
densities on semi-infinite planar electrodes reached 2mA/cm2.
For 7um carbon fiber microelectrodes, where the electron

diffusion through the polymer was radial. the current densities
reached 10mA/cm2.12,13

The wired enzyme electrodes efficiently transduced fluxes of
biochemicals into electrical currents. Based on such transduction,
biosensors for a wide range of biochemicals and hydrogen
FAD, FMN,14.15 hemel6 and PQQI0

enzymes were directly electrically connected to electrodes. The

peroxide were built.

| tumover of NADH and NADPH dependent enzymes was observed

through translation of NADH and NADPH fluxes to hydrogen
peroxide through their homogeneous, n-methylphenazonium,
The

hydrogen peroxide formed was detected through its

catalyzed reaction with dissolved molecular oxygen.

electrocatalytic reduction to water with wired horseradish

peroxidase.16




The current densities of the hydrogel-wired enzyme electrodes
depended on the electron diffusion coefficients in the hydrogels.
High electron diffusion coefficients were observed when chain
segments of the crosslinked redox polymer in the gel were fluid,
i.e. mobile. Fluidity of the chain segments led to electron
transferring collisions between the segments. Such collisions
shorted the otherwise tortuous route of electrons through
backbones of folded polymer chains. The electron diffusion
coefficients depended on the charge of the redox polymers, on the
ionic strength of the solutions and on the degree of crosslinking
of the polymers. High charge density of the redox polymer and
low ionic strength led to stretched redox pclymer segments that,
when colliding, effectively transferred electrons. Screening of
the charge by counterions caused random folding of the stretched
polymer segments and reduced the frequency of electron
transferring collisions between chain segments of neighboring
polymer molecules. Excessive crosslinking immobilized the

segments and reduced the electron diffusion coefficients.1?

Sequential reactions of multiple enzymes were coupled within
individual hydrogel layers and also between different layers of
hydrogels. Thus, using hydrogels made with both an enzyme
hydrolyzing a substrate to an electrooxidizable product. and the
product electrooxidation catalyzing enzyme, the turnover of
hydrolytic enzymes was transduced to an electrical current.l8
Hydrolytic reactions were also carried out in overcoatings of
wired enzyme layers in bilayer gels. In reaction sequences

involving three sequential enzyme-catalyzed reactions in gels,




fluxes of biochemicals were still efficiently transduced into
electrical currents, proving that in gels the coupling of reactions

can be efficient.18

. The selectivity of the wired enzyme electrodes was enhanced
through use of redox polymers that were tailored to have redox
potentials within the narrow window where oxygen was not
electroreduced and common interferants were not
electrooxidized.19 Electrooxidizable interferant-produced
currents were eliminated through enzymatic oxidation of the
ensemble of common interferants by hydrogen peroxide in a non-
wired peroxidase containing layer. Hydrogen peroxide was
produced within the peroxidase containing layer through
enzymatic reaction of glucose (or lactate) with dissolved

oxygen.20

Industrial Activity:

The wired enzyme transducers proved to be of industrial interest. A venture
has acquired the wired enzyme technology from the University of Texas, is
developing enzyme microelectrodes and is marketing the technology. A one
year option has been acquired by a major producer of biosensors. Three
additional companies had wired enzyme biosensor projects in the reporting

period.




Patents:

A patent application entitled "Biosensors Based on Chemically Modified

Enzymes" has been filed.
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ABSTRACT

Biochemical fluxes were transduced to electrical currents through catalvtic centers
of oxidoreductases.that were electrically connected to electrodes with crossiinked
hydrogel forming redox polvmers. The enzymes were covalently bound to the
hydrogels through which the electrons diffuse. The electron diffusion
coefficients. reaching 10-8 cm=sec-! in the redox polymer gels, were high enough

to allow efficient collection of the electrons transferred during the
electrooxidation or electroreduction of substrates. The adequate electron diffusion
through the polymer skeleton of the hydrogel and the rapid diffusion of water-
soluble substrates and products in the geis led to high current density enzyme
electrodes. These inciuded electrodes with electrically connected flavoenzymes
(e.g. sarcosine. glutamate, lactate and glucose oxidases), quinoprotein enzymes
(e.g. PQQ glucose dehydrogenase) and heme enzymes (e.g. peroxidases). The
peroxidase electrodes were useful in the sensing of NAD(P)H, that reacted with

oxygen in the presence of N-methyl phenazonium saits to form NAD(P)* and

HOn.




1. Introduction and Scope

[n this charter. dedicated to Klaus Mosbach on his 60th birthdayv. we consider the
non-diffusional relaying of electrons between redox enzymes and electrodes through
hvdrogels. built with crosslinked polymer networks. As will be seen. even though these
gels contain predominantly water. their 3-dimensional redox-polymer network. to which
the enzvmes are covalently bound. conducts electrons. Electrochemical biosensors. such
as amperometric biosensors based on such gels have some rather unique properties. On
the one side. water soluble substrates and products permeate through the hydrogels. On
the other. electrons. originating in an oxidizable substrate. or delivered to a reducibie
,ubstrate. diffuse through the network. Because the electrons are efficiently collected or
delivered and because the diffusion of water soluble molecules through the gel does not
differ excessively from that through a plain aqueous solution. the current densides
flowing through hydrogel-coated electrodes are high. The high current densities translate
to substantial sensitivities in the transduction of the flux of biochemicals to electrical
currents ( 1). The group of enzymes that has been electrically connected through electron-
conducting hvdrogels to electrodes includes now flavoenzymes (2-6). quinoprotein
(pyrroloquinoline, PQQ) enzymes (7), and heme peroxidases (8). As will be seen. the
hydrogels also allow transduction of NAD(P)H fluxes. after transiation to hydrogen
peroxide fluxes. to electrical currents (8). We shall review the electron diffusion in redox-
polymer skeleton based hydrogels (9), then discuss the electrical connection of
flavoenzymes (2-6), heme enzymes (8), PQQ-enzymes (7) via these hydrogels to
electrodes.

2. Electron Diffusion in Redox Hydrogelis.
Cross-linked redox polymer films in which redox enzymes are immobilized relay
electrons between oxidoreductases such as glucose oxidase and electrodes. An effective

electron relaying polymer is poly(4-vinyipyridine) partially complexed with osmium




5
Sisibipyndine) dichioride and quaternized with 2-bromoethyiamine (POs-EA) (Figure {)

4.5:. A kev parameter in defining the electron relaving behavior or a redox polymer 1s
its electron diffusion ceefficient (De). We measured De for POs-EA. cross-linked with
Soiviethviene glycol) diglycidvl ether tPEGDE). using steady state voitammetry at
interdigitated array ('IDAl electrodes (10-20). De depends on the ionic strength, anion,
oH. and degree of cross-linking ot POs-EA.

De was measured by the steady state voltammerry at interdigitated array (IDA)
ciectrodes as follows: IDA gold elecrodes on glass were fabricated by conventional
anotolithography and sputter-deposition of gold onto chromium primed glass substrates.
T:e eiectrodes consisted of 100 (N). 5.0 um wide fingers (w). separated by 3.0 um gaps
.gap). that were 2.0 mm long. The narrow widths and gaps of the 100 fingers allowed
measurement of electron diffusion coefficients, that were much jower than ion diffusion
coetficients. When the potential at one of IDA electrode was swept from reducing to
oxidizing, while the other electrode was maintained at a reducing potential (generator-
collector experiment), an anodic steady state current (lgg) was observed upon redox
cvcling, because the electrode at the fixed reducing potential generated an oxidizable
species. The total charge associated with the redox centers (Q) was obtained by
:niegraung the area of the surface wave voitammogram when the potental of both of the
IDA electrodes was scanned (generator-generator experiment). From lgg and Q, De is

obtained through equation 1 (10-12).
De = (1s¢/Q) gap (w + gap) N/(N-1) (H

The attractive feature of this technique was that De was derived of Iss, Q and the
IDA geometry, and did not require knowledge of either the film thickness or of the

concentration of the redox species. Furthermore. because the technique was a steady
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state method, the current was not aftected by diffusion of ions into and out of the redox

polvmer network. that necessanly takes place in transient experiments.

Typical cyclic voltammograms for POs-EA. cross-linked with 5.0 wt% PEGDE. on
IDA electrodes at a 1.0 mV/s scan rate are shown in Figure 2a. The voitammograms in
generaxor-couector' experiments (solid line) had a sigmoidal shape: They showed the
expected Os2* oxidation at the generator, transport of electrons through the redox
polymer (by eiectron hopping or electron seif-exchange between neighboring Os3* and
Os<* sites) and re-reduction of Os3* sites at the collector (so cailed redox cycling). The
anodic limiting current was identical with the cathodic one, and the limiting current was
inaependent of scan rate. These results indicated the existence of a linear concentration
vanation in the Os<*/3* site ratio between the generator and the coilector electrodes at
the 1.0 mVs-! scan rate. and established that charge transport through the POs-EA
polymer limited the current. In contrast, the voltammograms in generator-generator
experiment (dotted lines) showed well-defined surface waves. As the voitammetric wave
was symmetrical and the peak current was proportional to the scan rate, the total charge
of POs-EA polymer coated IDA rlectrode (Q) could be caiculated by integrating the
current of the voltammogram. From equation 1, De at 0.1 M NaCl was calculated to be
48 x 1009 cm<s-l. The voltammograms of Figure 2 reveal a strong ionic strength
dependence of De. When the concentration of NaCl was changed from 0.1 M to 1.0 M,
Q was constant but Iss decreased. Moreover. when the potential of one IDA electrode
was swept, while the other of IDA electrode was disconnected (generator-open circuit
experiment, dashed line), a shoulder, indicating lateral electron diffusion between fingers
was seen. This shoulder was sharp in 0.1 M NaCl but had, in 1.0 M NaCl, a diffusional
tail, leading us to conclude that De of POs-EA decreases upon increasing with the ionic
strength. Evidently, dehydration of POs-EA at increasing the ionic strengths made the
cross-linked structure more rigid.




;
Figure 3 presents the pH dependence of De tor POs-EA cross-linked with 5.0 wt%

PEGDE. De changes remarkably near pH 4. ciose to pKa of the pyndine nitrogen. from
45 x 10910 1.6 x 10-8 cm<s-!. Evidently, the polymer film was swollen and the
backbone of the polymer was flexibie when the pyridines were protonated at a pH below
pKa, where De was' high. We conclude that De is determined by the degree of sweiling
of the cross-linked POs-EA polymer. De values of the POs-EA polymer at various
concentrations of cross-linker are summarized in Table i. For the network made with 5.0
wt% cross-linker De was pH dependent. De was. however. almost independent of pH at
25 w1% cross-linker. When the concentration of cross-linker reached 25 wt%. 32 % of
the pynidines in the polymer were cross-linked with the diepoxide. Because the poiymer
could not swell even at iow pH. De became independent of pH.

We conclude that in cross-linked POs-EA the electron diffusion coefficients
increase upon hydration of the network and that electron transport through networks is
controlled by segmental motion of the polymer backboane.

3. Electron Connection of Flavoenzyme Redox Centers to Electrodes

We have described previously the synthetic procedure for hydrogel-forming redox
polymers (4). Poly(vinyi pyndine) can be derivatized with Os(bpy)2CI? in ethylene
glycol or ethanol under reflux. The osmium derivatized polymer can be reacted with
bromoethylamine at 60°C. It has been found that the polymer containing a molar
substitution ratio near 1:1:3 osmium :ethylamine :non substituted pyridines, meets
requirements relevant to enzyme electrodes, such as solubility in water, high charge
density, high osmium loading, and crosslinkable side chains. For effective electricai
connection of enzyme redox centers the polymer must be flexible so that it can penetrate
the proteins. We have found that the polymer POs-EA (Figure 1) electrically "wires"
redox enzymes. The hydrogei networks are formed by crosslinking POs-EA at or near
ambient temperature and in aqueous solution with the diepoxide polyethylene glycol
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diglycidyl ether (PEGDE) (Figure 1b) or a polyfuncuonal aziridine (PAZ) (Figure la).

The crosslinker is chosen so as to avoid reaction of amino-acids that are critical for the
function of the enzyme.

With polymeric "wires” virtuaily all flavoproteins. that can transter one electron at
a time from their reduced active centers to an electron acceptor. have been shown to be
"wireable” and useful in the construction of enzyme electrodes. Selectivity of the
electrodes requires absence of direct electrooxidation of the substrate on the eiectrode
surface itseif, or in the redox hydrogel. directly by the oxidized osmium complex. at the
applied usually 0.45 V vs. SCE for POs-EA.

High catalvtic current density (10-10-3 Acm-%) enzyme electrodes have been
constructed by "wiring" glucose oxidase, lactate, or L-a-giycerophosphate oxidase (4.6);
moderate current densities (10-6-10-5 A cm-2) resuited form "wiring” glycolate,
theophylline. D-amino acid. sarcosine. L-glutamic acid. or cholesterol oxidase. The
catalytic currents of L-amino acid and choline oxidase electrodes were very low. For
xanthine oxidase the catalytic current was aimost indistinguishable from the background
current associated with nonenzymatic electrooxidation of xanthine by the oxidized redox
polymer.

Examination of the significance of compiex formation between the redox polymers
and the enzymes on the efficiency of current collection shows that electrostatic
complexation is important for efficient communication between the enzymes and the
polymers (21), but other kinds of interactions may also be relevant.

* Figure 4 shows the response of a sarcosine oxidase electrode and the variation of its
current density with the electrode construction parameters. The response of the electrode
under anaerobic conditions and under oxygen are shown in Figure 4a. Figure 4b shows
the variation of the current density with the enzyme content of the hydrogel. Figure 4¢
shows that by changing the enzyme content of the gel one can adjust the dynamic range
(aﬁpu‘em Michaelis constant, Km) of the sensor. Figure 4(d) shows that increasing the
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thickness of the enzyme-polymer film results in an almost linear increase of the

maximum current density obtained. up to about 200 ug cm< loading. where the film
thickness reaches aboit 2 um. Sarcosine oxidase has been used in bilaver electrodes for
the detection of creatine (2I). Creatine was converted in an outer creatine
amidinohydrolase film into sarcosine. which was sensed by an inner layer of sarcosine
oxidase-redox polymer hydrogel. The response of such an electrode is compared to one
without the creatine amidinohydrolase in Figure 5. The electrode might be applicable in
the direct determination of creatine phosphokinase activity in serum or whole blood.

[n some of the tlavoenzymes. for example in glycerophosphate oxidase. the
<miguinone form of FADH- could not be observed during the normai catalytic cycle
when dioxygen was the electron acceptor (23.24). From the efficient electron transfer to
Ost!ID relays that was observed. it was evident nevertheless that the substrate-reduced
enzyme was reoxidized in two sequential electron-proton transfer steps. The rate limiting
step in the muitistep electron transfer from lactate oxidase to an electrode was the
electron transfer between reduced FADH? centers and Os relays in the hydrogel. Figure
6 shows the pH response of a glucose oxidase electrode. Different pH maxima exist for
the redox-hydrogel electrode and the natural enzyme activity. This shift in pH is
consistent with the proposal that electron transfer between FADH?2 or FADH: and OsllI,
which is pH independent, is rate limiting. In the natural enzymatic reaction the pH
dependent reduction of O to H20? is rate limiting.

The key determinants in realization of high current densities are the turnover
number and specific activity of the enzyme, and the strength of the complex between the
enzyme and the redox polymer (T_able 2). In general enzymes with high tumover numbers
and high complex formation constants with POs-EA give the highest current densities.
The unexpectedly high current density of sarcosine oxidase and low current density of
glutamate oxidase show, however, that the two parameters are not the only ones that are
important. It is conceivable that the aberrations result from a specific interaction of the
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poiymer with the catalvtically active site of the enzyme. or from particuiarly deep protein

penetration of an electron relay. or from deactivation of the enzyme upon immobilization.

The tumover mebcr and specific activity of the enzyme define the number of
electrons produced per unit volume. In extreme cases of low turnover numbers. the
volume fraction of protein necessary for the production of a detectabie current is so high
that the hydrogel no longer contains a high enough density of electron relaving centers
and electron diffusion through the film becomes rate limiting. Table 2 shows the strength
ot the complexes formed between POs-EA and enzymes on a scale built on detection by
isoelectric focusing of migration of free enzyme from the compiex(21). The values in the
1abie indicate the % enzyme content of the complex when unbound enzvme is first
observed. Usuaily. the higher this number. the stronger the complex. and the stronger the
compiex. the higher the current density. Formation of a stronger complex can resuit in a
shorter electron transfer distance betweeen the redox center of the enzyme and a relay of

the polymer. or an increase in the density of electrically connected enzyme centers in the

hydrogel.

4. Electrical Connection of Pyrroloquinoline Quinone Redox Centers

Severai groups of quinonprotein enzymes have been isolated and characterized in
recent years (25). These enzymes have either pyrroloquinoline quinone (PQQ),
topaquinone (TPQ) or tryptophanyl-u'ypwbﬁan quinone (TTQ) cofactors (26). Glucose
dehydrogenase GDH (EC 1.1.99.17), that was successfully wired through the POs-EA
based hydrogel (7) beiongs to the group‘ of PQQ-containing quinoproteins (27). The apo-
enzyme (28) of GDH was reconstituted by.incorporating PQQ (27) in the presence of
Ca2*(29). PQQ and Ca2* are firmly bound in the reconstitued enzyme. The activity of
the reconstituted holo-enzyme, 250 units mg-1» was measured spectrophotometrically by
‘monitoring the decoloration of Wurster's Blue (30). The reconstituted GDH can be stored
at 4°C for more than two months without measurable loss of activity.
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The dependence of the current density on glucose concentration for PQOs-

£A/PEGDE-wired GDH and simiiariv wired glucose oxidase 1GOX) eiectrodes is shown
in Figure 7. The currént density ot the GDH electrode substantiaily exceeded that of the
GOX electrode. reaching .8 mA cm-< at 70 mM glucose. This current density was
about three times higher than that of the electrode made with GOX. The seasitivity of the
wired GDH electrode at 5§ mM giucose was 165 uA cm 2 M-L. The higher current
density of the GDH electrode. relative to that of the GOX electrode. derived from the
taster rate of electron transfer from the PQQH? centers than from FADH? centers to the
osmium complex in the redox polvmer/enzyme network.

That the 3-dimensionai redox network based hvdroget is effecuve in collecting and
carryving electrons from GDH is seen from the fact that in electrode made with the
electron shuttling diffusional mediator 1.1'-dimethyiferrocene, the current density was
only 54 uA cm-2 at 4 mM glucose (31), versus 724 pA cm-2 for the redox hydrogel at at
the same glucose concentration. The current density of the redox-hydrogel based GDH
electrode changed relatively littie between pH 6.3 and 8.8.

The half-life of the dissoived enzyme in 10 mM HEPES pH 7.3 buffer at room
temperature was 5 days (7). The decay of the current of the GDH eiectrodes in 10 mM
glucose at 25°C, pH 7.3 was, however. faster (Fig. 8, open squares), dropping to one
half of its initial value in about 8 hours under continuous operation. The operational
stability of the “wired” GDH electrode was found to be glucose concentration dependent,
the output declining more rapidly at higher giucose concentrations. Fig. 8 shows the
rates of decline for GDH electrodes in an electrochemical cell where the glucose
concentration was held at 10 mM, and in a flow injection analyser where a computer
controlled injection system injected fixed volumes of 10 mM giucose once every 60
minutes. Under the conditions of the experiment. it took less than 3 minutes for the

sample to pass through the cell. i.e., the electrode was in 10mM giucose for only 3
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minutes each hour. Evidently. the rate of current loss is depended on the amount of

glucose electrooxidized (Figure 8).

—

3. Electrical Connection of Hemeprotein peroxidases
Most peroxidases have cataiytic sites containing covalenty bound iron porphyrins.
In peroxidases the iron heme is positioned close to the surface of the enzyme. The near
surface position of the catalytic site allows direct, non-mediated, electroreduction of the
enzymes on graphite electrodes and thus the construction of direct H20O? sensors (33.34).

Many diagnostic tests ultimately rely on amperometric of colorimetric detection of

H207. Althougn feasible. enzymatic amperometric HyO; detection is not commercially
used. The most common amperometric H9O) assays involve use of a Pt anode held at an
oxidizing potential, where not only H2072, but aiso a variety of interferants are
electrooxidized.

Electron conducting POs-EA and PEGDE (Figure 1) redox-hydrogel based HyO»
sensors. involving electroreduction of lactoperoxidase (LOP), Arthromyces ramosus
peroxidase (ARP), or horseradish peroxidase (HRP) (8). In these. the H,0; fluxes were
connected to currents by electrocatalytically reducing H20?2 according to the scheme
shown in Figure 9. These enzymes were covalently bound to the 3-dimensional redox
epoxy based hydrogel Upon such immobilization the ensemble of enzyme molecuies in
the gel volume was electrically connected to the electrode.

The amperometric measurements were performed in a standard 3-electrode cell,
with the working electrode maintained at 0.0V (SCE) and rotated at 1000 RPM. H2On
was catalitically electroreduced at the operating potential. The dependence of the
catalytic HQO? electroreduction currents on the H20? concentration in pH 7.4 phosphate
buffer is seen in Figure 10 for four enzymes ARP, LOP, HRP, and periodate-oxidized
HRP.
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Although immobilizauon ot lactoperoxidase in the redox hydrogei resulted 1n

substannal reducton currents. the currents rapidly decayed when the H20? concentration
exceeded 10uM. because of reversible substrate inhibition of the enzyme (35). Wiring of
ihe peroxidase from Arthromyces ramosus in the electron-conducting hydrogel led to the
highest current density > ImA cm-2. The current density increased linearly with the
H20?2 concentration from O.1uM to 500uM. The current was remarkably stable,
decaying only a few percent per hour.

The horseradish peroxidase (HRP) containing electrodes did not exhibit either the
aigh current density nor the exceptional linear range of the Arthromyces ramosus
Teroxiaase based electrodes. Nevertheless. when NalO4 oxidized HRP was used. the
sensors’ performance improved. The aldehvdes formed upon NalO4 oxidation of HRP
sugar residues formed Schiff bases with the POs-EA amines, coupiing the enzyme's redox
centers with those of the hydrogel and shortening the electron transfer distances. The
currents in electrodes modified with hydrogels with NalO4 oxidized HRP exceeded by a
factor of 5 those observed in electrodes with untreated HRP, and the sensitivity reached 1
AMlem<,

The NalO4 oxidized HRP based electrode was operable at potentials between
-0.15V(SCE) and +0.3V(SCE). The wide potential window allowed choice of potentials
where non-enzyme specific electrode reaction rates were siow, i.e. where interferant
caused currents were low. The useful pH range of the sensors was 3.8 to 9.6, remaining
within 10% of the maximum response throughout this range. Transieat exposure of the
seasors to solutions that were strongly acidic (pH < 3.8) reduced their response. but upon
returning to a neutral pH the sensors recovered. Exposure to strong bases (pH > 9.6)
caused irreversible decomposition of their gel.




14
6. Assay of NAD(PYH Through Quantitative Translation to H20?

Quinones and molecuies with quinoid structures have been reduced in two electron
transter reactions by NAD(P)H (36-40). Amperometric NAD(P)H sensors based on such
reduction have been described by Miller et al (41.42). Gorton et al (43) and Kulys et al
(44.45). An example of a water soluble quinoid. that is readily reduced by NAD(P)H is
the N-methylphenazonium ion NMP* :

NAD(P)H + NMP* -—> NAD(P)* + NMPH
The reduced phenazine. NMPH is reoxidized by molecular oxygen to NMP™ in the H20?
generating reaction :

NMPH + Q7 ---—-> NMP* + H20?

The sum of these reactions is the catalytic reduction of 0?2 to H207 by NAD(P)H:

NAD(P)H + O NMP* > NAD(PY* + H202
Because the reaction is fast and stoichiometric, NAD(P)H sensors based on amperometric
assays of the depietion of 072 (46.47) and the colorimetric assay of the H2O? generated
(48-50) have been built.

The transiation of NAD(P)H into H20? through the above reaction sequence
allowed the sensing of NAD(PYH with the peroxidase electrodes with 1 A M-l cm-2
sensitivity and with a 0.1 to 200 uM linear range, similar to those of the H2O? sensors
(8). Figure 11 shows the steady state alcohol response of a sensor with NAD*/NADH
dependent alcohol dehydrogenase, pH 7.4 solution containing 7.1x10-6M N-
methylphenazonium methosuifate, 13 units/mL alcohol dehydrogenase and 1.3x10-4M
NAD*. Figure 12 summarizes the electron transfer sequence in the sensing of alcohol.

CONCLUSION
Electrons diffuse in hydrogels built wiht redox polymer skeletons at sufficient rates
to allow interception of electrons transferred between oxidoreductases and their
substrates. Their .. to electrodes results in the transduction of biochemical fluxes to
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electrical currents. Zlectrical currents are produced by substrates of flavoenzymes. heme

enzyvmes and quinoprotein enzvmes. Througn catalytic reaction of NAD(PYH with O2 in
an NAD(P)™ and H20? produsing reaction and eiectroreduction of H2O? 1n peroxidase-
containing redox hydrogels NAD(P)H concentrations can also be translated to electrical

currents.
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FIGURE CAPTIONS
Figure 1. Structure of the water soiuble. enzvme complexing redox “wire” POs-EA. m=1.
n=1. p=3 or 2. The polymer-enzyme complexes are crosslinked with either : (aj a
polvfuncuonal azirigﬁne (PAZ). or (b) polv(ethvlene glycol) diglycidyl ether t PEGDE) to

vieid hydrogel-forming networks.

Figure 2. Ionic strength dependence of cyclic vollammograms for POs-EA cross-linked
with 5.0 wt% PEGDE coated on IDA electrodes. at an Os3*/2+ site coverageof ' = 1.93
x 10°8 mol cm-Z in 20 mM phosphate buffer at pH 7.0 and at 1.0 mV s-1 scan rate.

Generator-coilector (solid line!. generator-open circuit (dashed line). generator-generator

tdotted line) voltammograms are shown for (a). 0.1 M: (b). 1.0 M NaCl.

Figure 3. pH dependence of the electron diffusion coefficient of POs-EA cross-linked
with 5.0 wt% PEGDE. I" = 4.35 x 10-9 moi cm-2 in 20 mM phosphate buffer containing

0.1 M NaCl at 2.0 mV s-! scan rate.

Figure 4. (a) Dependence of the current density of a sarcosine oxidase electrode on
sarcosine concentration. Open circles. Ar atmosphere: solid circies. O2 atmosphere:
glassy carbon electrode:; 20 weight % enzyme: 200 ug cm-2 loading; 0.45 V (SCE); pH
7.2 phosphate buffer, 0.1 M NaCl; 1000 rpm: 22°C. (b) Dependence of the maximum
current density of sarcosine oxidase electrodes on the enzyme content of the hydroget at
150 ug cm-2 loading. Conditions same as above. Jmax determined from Eadie-Hofstee
plots. (c) Dependence of the apparent Michaelis constants of sarcosine oxidase eiectrodes
on the enzyme content of the hvdrogel. (d) Dependence of the maximum current density
of sarcosine electrodes made with 20 weight % enzyme on the thickness of the hydrogel-
films.




Figure 3. Response of a bilayer sarcosine - creatine amdinohvdrolase electrode (open
circles) to creatine. The solid circles show the creatine-response of a sarcosine electrode
made without the hydrolase. The hydrogei-forming poiymer contained 26 % sarcosine
oxidase, 20% PAZ crosslinker. and 54% POs-EA. Loading was 50 ug cm™< .The bilayer
elecirode had an ;’.xten'or film of 40 pg of creatine amidinohydrolase (0.5 units)

crossiinked with PAZ and polv(vinyl pyridine) quaternized with bromoethylamine.

Figure 6. pH dependence of the giucose-produced current of a glassy carbon electrode.
modified with the hydrogel formed of glucose oxidase. POs-EA and PEGDE under argon
'open circles) and of a hvdrogen peroxide detecting platinum electrode modified with the
same gel. except for having the POs-EA analog without the osmium complex under

oxvgen (solid circles). 10% weight glucose oxidase. 30 ug cm-2 loading.

Figure 7. Comparison of the current output and the sensitivity for GDH and GOX
electrodes. Open square: GDH electrode: Solid diamonds: GOX electrode. 0.4 V (SCE);
1000 rpm: air atmosphere.

Figure 8. Time <ependence of the output of GDH electrode at 0.4 V (SCE). Continuous
operation at constant 10 mM glucose concentration (open squares) and in a flow injection
analyzer where 30 second 10 mM glucose pulses were injected once per hour (solid
diamonds).

Figure 9. Scheme of cathodic assay of hydrogen peroxide using POs-EA-based electron
conducting hydrogels to which a peroxidase is covalently bound. ()s2+/3+ denotes gel-
bound redox centers.

to




Figure 10. Amperometric response of peroxide sensing cathodes built with different
peroxidases covalently bound to electron conducting hydrogeis based on POs-EA.

Closed circles. HRP: open circles. NalO4 oxidized HRP: squares. LOP: mangles. ARP.

Figure 11. Steady state aicohol response for alcohol dehydmgenése with the "wired”
peroxidase catrode, 0 V (SCE): 1000 rpm: pH 7.4 phosphate buffer.

Figure 12. Electron transfer sequence in the transduction of the concentration dependent
alcohol flux 1o a cathodic current. Even though 7 electron transfer steps are involved in
‘ne 'ransduction. these are so efficient that the current represents about (0% of the

eiectron pairs transferred in the oxidation of ethanol to acetaldehyde.
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Table 1. Effect of the Extent of Cross Lin

King

on the Electron DifT usion Coefficient Ne)

De, =5~
Cross linker
wt% pH 3.0 pH 7.0
5 16x 10°8 45x 109
28 42x 109 32 x 109
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Glucose Electrodes Based on Cross-Linked [ Os(bpy).Cl]*/2*
Compiexed Poly(1-vinylimidazole) Films

Timothy J. Ohara, Ravi Rajagopalan, and Adam Heller’
Department of Chemical Engineering, University of Texas at Austin, Austin, Texas 78712-1062

Enzyme electrodes based on a redox hydrogel
formed upon complexing water-soluble poly(1-
vinylimidazole) (PVI) with [Os(bpy).Cl]* and
cross-linked with water-soluble poly(ethylene
glycol) diglycidyl ether (molecular weight 400, peg
120 gpe described. The properties of the electrodes

- aded on their polymers’ osmium content, the
« .ant of cross-linking, the pH, and the ionic
strength in which they were used. The redox
hydrogels’ electron diffusion coefficients (D,)
increased with osmium content of their polymers.
The D, values were 1.5 X 10%,1.3 X 103, and 4.3 X
10* cm?/s for PVI;-Os, PVI;-Os, and PVI,,-Os,
respectively, the subscripts indicating the number
of monomer units per osmium redox center. D,
decreased with increasing ionic strength and
increased upon protonation of the polymer. In
glucose electrodes, made by incorporating into
their films glucose oxidase (GOX) through cova-
lent bonding in the cross-linking step, glucose was
electrooxidized at >150 mV (SCE). The charac-
teristics of these electrodes depended on the GOX
concentration, film thickness, O; concentration,
pH, NaCl concentration, and electrode potential.
The steady-stateglucose electrooxidation currents
wereindependent of the polymers’ osmium content
in the studied (3-10 monomer units per ocsmium
center) range. Electrodes containing 39% GOX
reached steady-state glucose electrooxidation cur-
rent densities of 400 uA/cm? and, when made with
thick gel films, were selective for glucose in the
presence of physiological concentrations of ascor-
bate and acetaminophen.

INTRODUCTION

Redox hydrogel films are unigue both in having adequate
electron diffusion coefficients (i.e., not rate limiting) and in
being permeable to water-soluble substrates and products of
enzymatic reactions.! When a cross-linked redox polymer
network electrically “wires” an enzyme that is covalently
bound to it, then the gel and the current-collecting metal
form enzyme electrodes. Such electrodes are potentially
useful in applications where release of diffusional mediators
from the electrodes is to be avoided and where small size is
important.? Here we show that hydrogels, based on the
Os(bpy)«Cl*/2* complex of poly(1-vinylimidazole) (PVI) (Fig-
ure 1) termed PVI-Os, are adequate electron conductors and
that electrons originating in the redox site of glucose oxidase
(GOX) are transferred through the gel’s polymer network to
electrodes. The hydrogels are made by cross-linking poly-

(1) Heller, A. J. Phys. Chem. 1992 96, 3579-3587.
(2) Pishko, M. V.; Michael, A. C. Hallct A. Anal. Chem. 1991, 63,
2068-2272.
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a Poly(ethylene glycol) diglycidyl ether, Peg 400, n =8
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D ——
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Figwe 2, (a) Chemical structure of the diepoxide cross-finking
{b) General reaction of an epoxide with an amine. (c)Gmeralmcﬂon
of an epoxide with an imidazole.

(ethylene glycol) diglycidyl ether (peg 400, Figure 2a) with
PV1,-Os and GOX.

A reference polymer with which the PV1,-Os polymers is
compared is poly(4-vinylpyridine) (PVP) complexed with
Os(bpy)2Cl (POs) and partially quaternized with bromo-
ethylamine (POs-EA).2 POs is only marginally soluble in
water except at high osmium loading. POs-EA is, however,
water soluble and easy to cross-link with diepoxides such as
peg 400, which binds POs-EA amines and lysyl functions of
enzyme proteins (Figure 2b).4 The resulting redox hydrogel
adheres well to the electrodes. In contrast with the PVP-

(3) Gregg, B. A.; Heller, A. J. Phys. Chem. 1991, 95, 5970-5975.
(4) Gregg, B. A.; Heller, A. J. Phys. Chem. 1991, 95, 5976-5980.
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derived polymers, the PVI1,-Os polymers are highly water
soluble and do not require quaternization with bromoethyl-
amine for easy cross-linking with water-soluble diepoxides
(Figure 2c). The redox potential of PV1,-Os is 200 mV (SCE)
vs 280 mV (SCE) for POs or POs-EA. Because the redox
potential of the resulting enzyme electrode is also lower,
currents resulting from electrooxidation of some interferants
are reduced.

EXPERIMENTAL SECTION

Chemicals. 1-Vinylimidazole (Aldrich), K20sCls (Johnson
Matthey), 2,2-bipyridine (Aldrich), (sodium 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonate) ( Na-HEPES; Aldrich),
poly(ethylene glycol) diglycidyl ether (Polysciences, peg 400,
catalog No. 08210), and glucose oxidase (EC 1.1.3.4) from
Aspergillus niger (type X-S, 198 units) were used as received.
2,2'-azobis(isobutyronitrile) ( AIBN, Polysciences) was pu-
rified by double recrystallization from methanol and stored
at—20°C. Os(bpy).Cl, was prepared by a reported procedure.’

Poly(1-vinylimidazole) (PVI). Buik polymerization of
PVIwas carried out by heating 6 mL of 1-vinylimidazole and
0.5 g of AIBN at 70 °C for 2 h under Ar. A dark yellow
precipitate formed soon after heating. After the reaction
mixture was allowed to cool, the precipitate was dissolved in
methanol and added dropwise to a strongly stirred solution
of acetone. The filtered precipitate was a pale yellow
hygroscopic solid. The molecular weight of the polymer was
found, by HPLC analysis using a Synchrom Catsec 300 column
with 0.1 % trifluoroacceticacid and 0.2 M NaCl as the elutant,
to be ~7000. The flow rate in the molecular weight
determination was 0.4 mL/min, and poly(2-vinylpyridine) was
used as the standard.

PVI,-Os,n=3,5, 10, Osmium-derivatized polymers were
prepared by a procedure similar to that of Forster and Vos,$
where the appropriate amount of Os(bpy):Cl; was refluxed
with PV1in ethanol for 3days. The elemental analyses were
as follows. Caled for [PVI;-0s] - 3H;0, CssCloHyNg-
0s-3H.0: C, 46.2; H, 4.4; N, 15.4; Os, 20.9. Found: C, 46.4;
H, 4.2; N, 15.3; Os, 184. Calcd for (PVI;-0s] -5H:0, Cys-
CloH N,(Os-5 H,0: C,47.7;H,5.0; N, 17.3; Os, 16.8. Found:
C,48.2; H,4.5;N, 16.2; 0s, 15.4. Caled for [PVI,-0s)-10H,0,
CCloH76N20s10H,0: C, 49.6; H, 5.7; N, 19.9; Os, 11.2.
Found: C,51.1;H,5.2; N, 18.7; Os, 11.0. The three osmium-
derivatized polymers are referred to as PVI;-Os, PVI;-Os,
and PVI;¢-0s, where the subscript represents the number of
vinylimidazole units per Os(bpy):CL

Electrodes. Rotating disk electrodes were prepared by
embedding vitreous carbon rods (3-mm diameter, V-10,
Atomergic) in a Teflon shroud using a low-viscosity epoxy
(Polysciences, Catalog No.01916). Electrodes were prepared
by syringing a 2-uL. aliquot of 5 mg/mL-t PVI,-Os solution
onto the electrode surface (0.071 cm?). Next, a 2-xL volume
of a4 mg/mL-! (10 mM HEPES, pH = 8.1) solution of glucose
oxidase was added onto the electrode and stirred with asyringe
needle. In the final step, 1.2 uL of a 2.5 mg/mL solution of
peg 400 was added to the electrode and stirred. The electrode
was allowed to cure for at least 48 h under vacuum.

Measurements. Electtochemical measurements were
performed with a Princeton Applied Research 175 universal
programmer, a Model 173 potentiostat, and a Model 179
digital coulometer. The signal was recorded on a Kipp and
Zonen X-Y-Y recorder. Rotatingdiskelectrode experiments
were performed with a Pine Instruments AFMSRX rotator
with an MSRS speed controller. The three -electrode cell
contained 0.1 M NaCl buffered with phosphate (20 mM, pH

(Sgsw, P. A; Sargeson, A. M,; Taube, H. Inorg. Synth. 1986, 24,
291-299.
(6) Forster, R. J.; Vos, J. G. Macromolecules 1990, 23, 4372-4377.

= 7.2). The current responses of the glucuee electrodes were
found to have a sigmoidal dependence on potential reaching
aplateauin oxidation current at potentials of 2300 mV (SCE).
In the constant-potential experiments, the working electrode
was poised at 0.4 V (SCE) well in the plateau of glucose
electrooxidation. The chronoamperometric measurements
were performed with a Princeton Applied Research Model
273 potentiostat. The potential was initially held at 0.0 V
(SCE) for 15 s and then stepped to 0.8 V for 0.3s. The slopes
of the resulting i vs t~¥2 plots were unaffected upon varying
the residence time (0.1-0.5 s). Three hundred data points
were recorded. The reported values are averages of either
four or five measurements.

RESULTS AND DISCUSSION

Cyclic Voltammetry of PV]1,.-Os-Peg 400-Coated Elec-
trodes. The effect of the extent of cross-linking on the
electrochemical behavior of PV1,-Os (n = 3, 5, 10) films cross-
linked with 5-20% peg 400 was determined for electrodes in
which the quantity of redox polymer was held constant, with
the films cured for >48h. Coulometry (by cyclic voltammetry
at1mV/s) showed that ~50% of the osmium was immobilized
and that it did not vary with the extent of cross-linking. The
cross-linked films adhered well to the vitreous carbon
electrodes and retained ~95% of their electroactive osmium
when soaked in a stirred phosphate buffer at room temper-
ature for 72 h.

The separation of the oxidation and the reduction peaks
(AE,) of the voltammograms at a 100 mV/s scan rate remained
constantat ~100 mV through the cross-linking range studied.
This contrasts to the results from PQs-EA films, where AE,
increased with cross-linker (peg 400) concentration, suggesting
better electron diffusion kinetics in PV1,-Os films.?

The peak width at half-height (Eenn) (for the oxidation
wave measured at 1 mV/s) increased with the extent of cross-
linking from 60 to 110 mV for PVI,-Os (n = 3, 5, 10). While
in the POs-EA system the Eqyy of the oxidation peak was
narrower than that of the reduction peak, in the PVI,-Os-peg
400 systems the two were precisely equal.s

Diffusion Coefficients. D.C,? values (D, being the
electron diffusion coefficient and C,, the concentration of the
redox couple in the film) were measured for the cross-linked
films by potential step chronoamperometry.” C, values were
calculated by dividing the moles of electroactive osmium
complex (found by cyclic voltammetry at 1 mV/s) by the film
thickness. Since all electrodes were prepared with the same
amount of osmium redox polymer, they were assumed to have
the same film thickness of 0.7 um based on a density of 1
g/cm3. There was substantial scatter in the data, suggesting
that there was no discernible trend in the dependence of D,C,?
on cross-linking (Table I). D, was, however, higher in the
PVIs-Os polymer films than in the cross-linked POs-EA films
by afactor of 5.2 D, was higher and nearly identical for PVI;-
Os and PVI;-Os films and lower for PV1;4-Os films.

Effects of Ionic Strength and pH on the Electron
Diffusion Coefficients. AsseeninFigure3,D,C,?decreased
with increasing NaCl concentration through the 882000 mM
range. Specifically, D.C,2decreased by ~50% when the NaCl
concentration was raised from 88 to 1000 mM NaCl. The
anions screen the cationic charges on the polymer and thereby
reduce the electrostatic repulsion that straightens the chains.
When the electrostatic repulsion is reduced, the chains assume
an entropically favored randomly coiled configuration, i.e.,
the chains, which are reasonably straight at low ionic strength,
ball up.. When the chains are straight, most of their redox

(7) Murray, R. W. In Electroanalytical Chemistry; Bard, A. J., Ed.;
Marcel Dekker: New York, 1984; pp 191-368.
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Table 1. Effects of the Extent of Croes-Linking and Redox

Site Density on D,C,?
% peg 400 PVIy-0s PV1;-Os PVI1;-0s
DyCp? (X10' mol? cm 57})
20.0 18.7 15.3 121
16.7 26.6 1.65 3.46
9.1 38.2 113 9.92
4.8 36.0 5.60 3.51
avg D,C;? 30090 9.96 + 4.27 4.52%3.75
D, (X10% cm?s~1)
20.0 0.85 2.34 0.11
16.7 1.29 0.86 0.25
9.1 1.46 1.55 0.68
48 228 0.57 0.68
avg D, 147 £ 0.60 1.33+0.79 0.43 £0.29
10
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Figure 3. Dependence of 0,G,2 on the concentration of NaCl for
electrodes coated with cross-linked PV1,5-Os film with 9.1% peg 400.
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Figure 4. Dependence of D,(,;2 on the pH for an electrodes coated
with PV1,5-Os with 9.1% peg 400.

centers are exposed and electrons are transferred through
collisions between segments of neighboring chains. When
the chains ball up, only their exposed, i.e., surface, redox
centers transfer electrons in collisions and D, is reduced. Even
though C, increases with ionic strength, the loss in D, is so
great that D,C,? is also reduced.?

Figure 4 shows the pH dependence of D,C;,2in 0.2 M NaCl.
The observed decrease in D,C;2 at pH = 4 coincides with the
pK.of PVL? Asthe PV]isdeprotonated the repulsive forces
within the network are decreased and the mobility of chain
segments, which apparently control electron transport, dim-

(8 Degani, Y.; Heller, A. J. Am. Chem. Soc. 1989, 111, 2357-2358.
9) Tam, J. S.; Sochor, A. R. Polym. Prepr. 1979, 20,15—18
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Figure S. Benzoqtinompumeaﬁonwwwlypuum
concentration as a function of surface coverage. The benzoquinone
concentration was 1.1 mM and the scan rate used was 5 mV/s. Gold
electrode area was 0.071 cm?, and the reduction currents were
measured at -0.5 V (SCE).

inish. The pH dependence of D, was similar to that observed
in the POs-EA-peg 400 system®'° where charging of the
network facilitated electron transfer. In PVI,-Os networks
swelling at low pH should decrease C,. Nevertheless, the
increase in D, was so large that D,C;2 still increased.

Permeability of PV1,-Os-Peg 400 Hydrogels. Perme-
ability of the hydrogels to water-soluble subetrates and
products is important in biosensor applications. For the
analysis of permeability, p-benzoquinone was chosen as a
model compound because of its known electrochemistry and
its nonionic nature. The diffusional and kinetic character-
istics of benzoquinone partitioning through an electrode film
has been analyzed by Saveant et al.,! who measured limiting
current densities for rotating disk electrodes and obtained
Koutecky-Levich plots for polymer film electrodes. Ben-
zoquinone is reduced at pH = 7 at ~0.2 V negative of the
redox potential of PVL,-OsV1L, je., at a potential where
benzoquinone cannot be catalytically reduced by PVI,-OsL,
The benzoquinone electroreduction current densities were
measured as a function of csmium loading (Figure 5). The
current densities decreased upon increasing osmium loading
more rapidly than they did in POs-EA films. A cross-linked
PVI;-Os film having 6.6 X 10-2 mol/cm? cemium sites reached
a current density of 1.2 mA/cm?at 1 mM benzoquinone, while
a POs-EA film with 9.7 X 10-8 mol/cm? Os sites had a current
density of 2 mA/cm? at 1 mM benzoquinone.? Apparently,
ethylamine groups in POs-EA films loosen the cross-linked
structure.

Steady-State Amperometric Glucose Response of
Cross-Linked PV1,-Os Films Containing GOX. The
steady-state electrooxidation current was measured at 1000
rpm as a function of the amount of enzyme in the films at 48
mM glucose concentration, well above the K, of the electrodes
(Figure 6). In electrodes prepared with a fixed amount of 10
ug of PV1,-Os (n = 3, 5, 10), 12% peg 400 (by weight), and
0.5-8 ug of GOX, the current densities did not vary with the
osmium content of the polymers, the sensor response being
controlled by the amount of enzyme. The currents were
highest in electrodes containing 8 ug of GOX, corresponding
to 39 wt %. In a series of electrodes made with 39% GOX

(10) Aoki, A.; Heller, A. J. Phys. Chem., in press.

(11) (8) Andrieux, C. P.; Haas, O; Snvunt,J M. J. Am. Chem. Soc.
1986, 108, 8175-8182. (b)Andneux.C P.; Saveant, J. M. J. Electroanal.
Chem. 1982, 134, 163-166. () Andrieux, 'C.P P.; Dumas-Bouchiat, J. M.;
Saveant, J. M. J. Electroanal. Chem. 1982, 131, 1-35. (d) Andrieux, C.
P.; Dumas-Bouchiat, J. M.; Saveant, J. M. J. Electroanal. Chem. 1984,
169, 9-21. (e) Ledy, J.; Bard, A. J.; Maloy, J. T.; Saveant, J. M. J.
Electroanal. Chem. 1985, 187, 205-227.
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Figure 8. Dependsnce of the limiting catalytic current density on the
aox fraction for PV1,-Os [n = 3 (circies), 5 (squares), 10
(triangles)] croas-linked with 12% peg 400; 48 mM glucose, 1000
rpm, 20 mM phosphats, pH = 7.2, air.

and cross-linker concentrations varying between 2 and 22%,
the highest current densities were observed in electrodes made
with 12% cross-linker. Above 68% enzyme content, the
current densities are highest for PV1,¢-Os, the polymer having
the lowest density of redox centers. Evidently, electron-
transferring collisions of chains, not electron hopping between
neighboring sites, now limit the transport of electrons.

Glucose Diffusion through Cross-Linked Films. In-
creasing the rotation rate from 100 to 2500 rpm at 10 and 48
mM glucoee concentrations did not substantially affect the
glucose electrooxidation currents. At 1 mM glucose concen-
tration under a nitrogen atmosphere, the current decreased
only by 14% when the rotation rate was reduced from 2500
to 100 rpm. As will be discussed later, this was not the case
when the solution was O; saturated. The absence of greater
dependence of current density on rotation rate suggests that
the currents were controlled primarily by a process within
the films and not by mass transport to the films at >1 mM
glucose. Thus, from the measured 1.2mA/cm? current density
for benzoquinone, and assuming that glucose and benzo-
quinone permeation rates do not differ greatly, one can
conclude that, unless limited by the activity of the enzyme,
the current density is limited either by the rate of electron
transfer to the redox polymer from the enzyme's FADH,
centers or by electron diffusion through the cross-linked
polymer.

O; Effects on Glucose Response. The steady-state
glucose response is shown in Figure 7 for a typical cross-
linked electrode (10 ug of PVI;-Os, 8 ug of GOX, and 2.5 ug
of peg 400) under N,, air, and O at 1000 rpm. Evidently, O,
competes effectively with PVI;-Os in the oxidation of FADH,
centers.

At 48 mM glucoee, the glucose electrooxidation current
decreased by 45% when the bubbled gas was switched from
N; to Oy, At 2 mM glucose, the decrease was 76%.
Apparently, at high glucose concentrations the O, flux is
consumed in the outer layer of the film, while a substantial
inbound glucose flux survives oxidation by O; and penetrates
thefilm. Consistently, the loss in cutrent upon switching the
atmosphere from N; to Os was reduced not only at high glucose
concentrations but also when thicker cross-linked films were
employed or when the films were heavily loaded with GOX.
Furthermore, upon decreasing the O, flux through stopping
the 1000 rpm rotation of the electrodes, the Og-associated
loss diminished (Figure 8). The glucose electrooxidation
current at >6 mM glucose was greater when the electrode
rotation was stopped because of the decrease in O, flux (Figure
9). Below 6 mM glucose the behavior was, however, normal;

200

45%

Current Density / ya cm-2

0 10 20 30 40 50

Glucose Concentration / mM
Figure 7. Dependences of the steady-state current density on the giucose
concentration for the same electrode under N, (circles), air (triangles),
and O, (squares). Electrode coated with 10 ug of PVIy-Os, 8 ug of
GOX, and 2.5 ug of peg 400; at 1000 rpm.
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Figure 8. Dependence of the steady-state current density on the glucose
concentration under N, (circles), air (triangles), and O, (squares).
Electrode coated as in Figure 7. Stagnant solution (no rotation).
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Figure 9. Dependence of the steady-state current density on the glucose

concentration under O, at 1000 rpm (squares) and under stagnant
conditions (circles). Electrode coated as in Figure 7.

i.e., the currents were higher for the rotating electrode, being
dominated by glucose flux.

Dependence of the Glucose Response on Film Thick-
ness. Electrodes with films having 1.1 X 10-%-9.7 X 10~* mol/
cm? electroactive osmium were studied. For thisexperiment,
all electrodes were prepared with a constant percentage of
PVI;-Os (49%), GOX (39%), and peg 400 (12%). A plot of
the steady-state glucose electrooxidation current at 48 mM
as a function of the amount of cemium in the enzyme/polymer
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Figure 10. Dependence of the limiting catalytic current density on the
amount of electroactive osmiumin the enzyme/ fim. Electrodes
were prepared with a constant percentage of PVIy-Os (49%), GOX
(39%), and peg 400 (12%). Conditions as in Figure 6 with 48 mM
glucose.
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Figure 11. Dependence of the steady-state current density on pH.
Electrode coated with 10 ug of PVIs-Os, 8 ug of GOX, and 2.5 ug of
peg 400. Conditions as in Figure 6.

film is shown in Figure 10. The current density increased
with the amount of osmium in the enzyme/polymer film. The
trend seen in Figure 10 is similar to that observed for POs-
EA¢

pH and NaCl Concentration Dependence of the Glu-
cose Electrooxidation Currents. The dependence of the
current density on pH is shown in Figure 11. As in the case
of POs-EA,!? the catalytic current peaked at and was nearly
independent of pH from pH = 7.5 to pH = 10, in contrast
with the GOX-catalyzed oxidation of glucose by O,, where a
narrow pH optimum near 5.5 has been observed. Current
was loet irreversibly at pH >10.

The dependence of the current density on NaCl concen-
tration is shown in Figure 12 for a 10 mM phosphate buffer
solution (pH = 7.2). The highest glucose current is observed
at 0 mM NaCl with an onset in current loss occurring at 100
mM NaCl. Asdiscussed earlier, at high NaCl concentration,
the charge on the cationic polymer is screened. This causes
coiling of the redox polymer, prevents its conforming to the
oppositely charged enzyme surface, and results in poor
electron transfer from the enzyme to the redox polymer. A
decrease in current with ionic strength has been reported
earlier for a similar system.?

Selectivity against Interferants. Glucose sensors are
often insufficiently selective when operated at potentials
where urate, ascorbate, and acetaminophen are also elec-

(12) Katakis, L; Heller, A. Anal. Chem. 1992, 64,1008-1013.
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Figure 12. Dependence of the steady-state current density on NaCl
concentration. Electrode coated with 10 ug of PV1s-Os, 8 ug of GOX,
and 2.5 ug of peg 400. Conditions as in Figure 6.
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Figure 13. Dependence of the steady-state current density on glucose
concentration in the presence of 0.1 mM ascorbate (squares) and

without ascorbate (circies). Electrode coated with 40 ug of PV1y-Os,
32 ug of GOX, and 10 ug of peg 400.

trooxidized. The resulting errors can be reduced by mem-
branes that preferentially transport glucose. Examples of
such membranes are cellulose acetate!? and Nafion. The
effects of interferants can also be reduced by poising the
electrodes at more negative potentials, where the rate of
interferant electrooxidation is reduced.!® Since the redox
potential of PV1,-Os is cathodic relative to that of POs-EA
by 80 mV, the PVI,,-Os electrodes are more selective. When
required, glucose selectivity can be further improved by
nonelectrochemical catalytic preoxidation of the interferants
by H;0, in an outer film of horseradish peroxidase.1¢

Figure 13 shows a glucose calibration curve for a thick-film
electrode (prepared with 560 ug/cm? PVI;-Os, 450 ug/cm?
GOX, and 140 ug/cm? peg 400) in the absence and presence
of 0.1 mM ascorbate. Although in the absence of glucose the
ascorbate electrooxidation current was high, this current was
small with >2 mM glucose. The current was increased by the
0.1 mM ascorbate at 6 mM glucose by 9% , corresponding to
a+0.5mM errorin the glucosereading. The error was further
reduced when the glucose concentration was increased. Thus,
at 20 mM glucose, the error was only 2%. The error reported
represents the change in overall net oxidation current when
ascorbate is added.

(13) Lobel, E.; Rishpon, J. Anal. Chem. 1981, 53, 51-53.

(14) Bindra, D. S.; Wi G. S. Anal. Chem. 1989, 61, 2566-2570.

(15) Cass, A. E. G.; Davis, G.; Francis, G. D; Hill, H. A. O.; Aston, W.
J.; Higgins, 1. J.; Plotkin, E. V_; Scott, L. D. L.; Turner, A. P. F. Anal.
Chem. 1984, 56, 667-671.

(16) Maidan, R.; Heller, A. Anal. Chem. 1992, 64, 2889-2896.
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Figure 14. Dependence of the steady-state oxidation current of 0.1
mMascorbate film thickness. Electrodes prepared with PV1,-0s (49 %),
GOX (39%), and pag 400 (12%). Conditions as in Figure 6.
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concentration in the presence of 0.1 mM ascorbate (squares) and

without ascorbate (circies). Electrode coated with 10 g of PVIy-Os,
8 ug of GOX, and 2.5 ug of peg 400.

When the glucose electrodes were made with thick PVI;-
Os films, the ascorbate- and acetaminophen-caused currents
decreased in the abeence of glucose. Figure 14 shows the
change in ascorbate current with film thickness. Interferants
can be electrooxidized either at the electrode surface (Jgyo),
at osmium redox sites (lo), or at both. Reduction in
interference with increasing film thickness is interpreted as
resulting from a lesser flux of ascorbate to the carbon surface
(Le., from reduced I,y and/or from a decrease in ascorbate
oxidation at the outer csmium sites, because of slow electron
diffusion. Because both ascorbate and FADH; are oxidized
byalimited number of Os™ sites, o, decreases upon increasing
the glucose concentration. AtOmM glucose, the concentration

of Os™M sites is the highest and o, is largest. Upon increasing
the glucoee concentration, I, decreases. Note that if ascor-
bate rather than a FADH; center is oxidized by an Os™® center,
then the glucose electrooxidation current (Ig) is decreased
and the increase in I, is offset by the decrease in I¢.

In thin-film electrodes the situation is quite different. The

glucose response is shown in Figure 15 for an electrode with -

a thin film (140 ug/cm? PVIy-Os, 110 ug/cm? GOX, 35 ug/cm?
peg 400) in the absence and in the presence of 0.1 mM
ascorbate. The ascorbate-related current increment is large,
doubling the current at 6 mM glucose. Evidently, in thin-
film electrodes I..s introduces a large error. The oxidation
of ascorbate is strongly rotation rate dependent, in contrast
with the glucose electrooxidation rate, which is nearly
independent of the rotation rate.

Thick-film PVL,-Os-based glucose electrodes were also
selective against acetaminophen. The glucose response curve
with 1 mM acetaminophen was similar to that shown for 0.1
mM ascorbate. The addition of urate caused, however, an
initial increase in oxidation current, followed by a rapid decay.
Cyclic voltammetry confirmed urate electrooxidation by Qs
sites and a resulting loss in the surface density of these sites.

CONCLUSIONS

The poly(vinylimidazole)-derived redox polymers PVI,-
0s form with GOX, upon cross-linking with a water-soluble
diepoxide, hydrogels that are permeable to glucose and
through which electrons diffuse. The polymeris simplerand
easier to make than the earlier reported poly(vinylpyridine)-
derived POs-EA and does not require modification with
primary amine for croes-linking with a diep.ixide at ambient
temperature in an aqueous solution. Electrons diffuse
through the gel through a chain flexing dependent mechanism;
Le., the rate of electron diffusion is not controlled by hopping
between neighboring redox sites within chains, but by
collisions between segments of redox polymer chains. Am-
perometric glucose sensors made with thick PVI,-Os- and
GOX-based gels are reasonably selective in their glucose
response in the presence of the electroxidizable interferants
ascorbate and acetaminophen.
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The apparent electron diffusion coefficient (D,) for the redox polymer POs-EA, an ethylamine quaternized
poly(4-vinylpyridine) complex of [Os(bpy),Cl]*/2* (bpy = 2,2’-bipyridine} chloride, has been measured by
steady-state voltammetry at interdigitated array (IDA) electrodes. Incross-linked POs-EA D, decreased upon
deprotonation of the pyridine rings at pH = 4, upon increasing the ionic strength, and upon replacing the
well-hydrated chioride counterion by the less-hydrated perchlorate counterion. In moderately cross-linked
POs-EA (5 wt % cross-linker) D, increased from 4.5 X 10-% to 1.6 X 10~ cm? s-! when the pyridine rings were
protonated, but in highly cross-linked POs-EA (25 wt % cross-linker), where the motion of the chain segments
was restricted, D, was independent of pH. The results suggest that D, increases with the hydration of the

cross-linked redox polymer.

Introvaction

The transport of electrons and ions through redox polymers
has been the subject of intensive study during the past twodecades.!
A subgroup of these materials, consisting of redox hydrogels
formed by cross-linking water-soluble redox polymers, is of
particular interest in the context of biosensors.2-> When redox
enzymes are integrated in the cross-linked polymer, electrons are
transported via the redox polymer network between the enzymes’
reactive centers and electrodes. An example of a cross-linkable
enzyme-connecting redox polymer is poly(4-vinylpyridine) par-
tially complexed with osmium bis(2,2’-bipyridine)chloride and
partially quaternized with 2-bromoethylamine, (designated POs-
EA).2 The dynamic electron-relaying properties of this polymer
are of importance in defining its current carrying capacity from
enzyme redox centers to electrodes. Realization of high-current
density electrodes, made with thick, enzyme-loaded hydrogel films,
requires that both electron transport and substrate/product mass
transport be rapid. Water-soluble substrates and products
permeate usually rapidly through the hydrogels, where their
solubilities and diffusion coefficients approach those in water.
The electron diffusion coefficients in diepoxide-cross-linked
polycationic POs-EA hydrogels depend on the pH, on the nature
of the counterion and on the ionic strength of the contacting
aqueous solution. Specifically, electron diffusion increases when
the polymer network is charged by protonation of its free pyridines
and decreases either if Cl-, a hydrophilic counterion, is replaced
by ClO4~, a less hydrophilic counterion, or when the ionicstrength
is raised.

Transport of electrons, i.e., self-exchange between identical
redox centers of POs-EA, involves both charge propagation along
the polymer’s backbone (through & and other chemical bonds)
and collisions between segments of the folded polymer. The
colliding segments may be spatially in each other’s proximity,
evenif separated by a long sequence of bonds. When propagating
along bonds in chains, electrons hop between neighboring redox
sites, traversing occasionally cross-linker segments. Suchhopping,
while possible, results ina much longer path and in a more resistive
route than the combination of hopping between neighboring redox
sites of chains and electron-transferring collisions between redox
polymer segments. Electron transport involving both ¢ bonds
and hopping through space together accounts better for observed
electron-transfer rates in proteins than either electron transfer
exclusively along tortuous o-bond sequences or exclusively along
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the shortest route where electrons propagate by jumping across
spaces between protein segments.® Because the rate of electron
transport along bonds of a polymer’s backbone decays relatively
slowly with distance, but the tortous electron route is long, while
the rate of electron transport between chains decay rapidly with
distance, but the electron route is short, an optimum must exist
where the resistances along the backbone and collision routes are
equal. Segmental motion of the polycationic polymer backbone
involves significant displacement of anions.” The balance between
clectron routing along redox polymer chains and routing between
chains depends on the flexibility of the redox polymer backbone.?
the nature of the redox centers,’ and their density.!°

The transport of electrons through redox polymers is measured
by their apparent electron diffusion coefficients, D,, which can
be measured by transient’$!! and steady-state?10.12-16 electro-
chemical methods. The transient methods included cyclic
voltammetry,” chronoamperometry,2’ chronocoulometry,® and
pulse techniques.!! Because of the macroscopic movement of
counterions into and out of the polymer films upon oxidation or
reduction, interpretation of the measurements requires separation
of the electronic and ionic components of the measured response.
Andrieux and Savéant have shown that the mobility and
concentration of the counterion do indeed affect the transient
response in films that are highly redox site loaded and that the
lesser the mobility or concentration of the counterion, the more
the transient current is affected by ion migration.!” The need for
sorting out the response component resulting from macroscopic
ion migration is avoided in steady-state measurements; sandwich,?
rotating ring-disk,!? and interdigitated array (IDA) electrodes!>-16
were all used for such measurements. As shown by Savéant,'?
even though the current response does not depend in these
measurements on the diffusion coefficient of the mobile counterion,
it still depends on microscopic counterion displacement. Steady-
state voltammetry is, nevertheless, the method of choice for
measuring D, in redox polymers. Furthermore, steady-state
voltammetry with IDA electrodes allows direct measurement of
D, and has the advantage of not requiring knowledge of the film
thickness or of the concentration of the redox centers in the
polymer.!? If the spacings between the fingers are narrowed to
micron dimensions and the arrays are made with a large number
(~102) of fingers, then D, can be measured accurately even if
it is much smaller than the coefficient of diffusion of ions in
liquid solu:ions. For this reason, we chose for measurements of
D, the IDA-based method of Murray and co-workers!? in our
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films made by cross-linking the water soluble POs-EA with water
soluble poly(ethylene glycol)diglycidyl ether (PEGDE).2

The principle of steady-state voltammetry with IDA electrodes
is shown in Scheme I. In the generator—collector experiment
(Scheme IA), the potential of the electrode on the left—the
generator—is swept from reducing to oxidizing. The collector
(on the right) is maintained at a fixed sufficiently reducing
potential to collect the electron vacancies produced at the
generator. The steady-state concentration profile of redox sites
through the zone between the generator and the collector depends
on the potential at which the generator is poised.

The total charge (Q) of the electroactive centers is obtained
ina generator—generator experiment, shownin Scheme IB. Here,
the potential is swept at both electrodes so that the polymer is
first fully reduced then fully oxidized. Integration of the
voltammogram yields the chzrge Q. Once Q is known D, is
calculated by eq 1,'3 where I is the steady-state anodic current

I
D, = ;Z—gap(w + gap)NIi ! )

plateau reached in the generator—collector experiment, i.c., the
current flowing when the oxidizing potential on the generator is
sufficient to cause the current to be limited by electron diffusion
to the collector; wis a correction factor for microscopic counterion
displacement;'® N is the number of fingers; w and gap are the
finger and gap widths, respectively. Equation 1 was derived
assuming a linear concentration gradient between the generator
and the collector electrodes. Microscopic counteriondisplacement
and dependence of the local polymer fluidity on oxidation state!?
may distort the linearity. Simulations by Fritsch-Faules and
Faulkner!? and Goss and Majda'é suggest nonlinearity. Fritsch-
Faules and Faulkner,® who experimentally observed linear
concentration profiles in quaternized poly(4-vinylpyridine), i.e.,
a poly(4-vinylpyridinium) matrix with dissolved Fe(CN)g/+,
on individually addressable electrodes in microelectrode arrays,
explained the linearity by diffusion of Fe(CN)¢*/4- through the
contacting solution. Diffusion of Fe(CN)¢*/* in the polymer
itself could not account for the linearity observed.® Here we
shall not attempt to account for actual or possible nonlinearity
in the concentration profile. Rather we consider the D, values
that we derive as an average for the concentrations of reduced
or oxidized centers between the generator and collector electrodes.
These are likely to differ at different points. For this average

——
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concentration we calculate, from Iss, Q and the geometry,a value
of the apparent D..

The values of the apparent D, that we obtain in hydrogels may
be compared with values obtained by Murray et al® for
clectropolymerized Os(bpy).(vpy),2*/** (bpy = 2,2-bipyridine,
vpy = 4-vinylpyridine) and Os(vbpy);?*/>* (vbpy = 4-methyl-

‘-vinyl-2,2’-bipyridine). These osmium complexes had, respec-
tively, two or three vinyl groups, causing extensive cross-linking
and formation of rigid matrixes. Our D, vajues may also be
compared with those of Oh and Faulkner,® who studied poly(4-
vinylpyridine)-based systems with both electrostatically held and
coordinatively attached redox centers and estimated the con-
centration of redox centers in their dry polymers by chronocou-
lometry. Our study of effects of the ionic strength on D, follows
work by Anson and Savéant,?! who showed that in polymers that
were highly loaded with ions and had lower dielectric constants,
ionic association lowered D,. Study of the POs-EA/PEGDE
hydrogel by steady-state voltammetry at IDA electrodes shows
that protonation of the backbone and presence of the hydrophilic
CI- counterion—both of which lead to hydration—increase the
apparent D.. High NaCl concentrations and presence of the
relatively hydrophobic ClO4- counterion decrease the apparent
D.. Owerall, our findings agree with the suggestion that D, is
enhanced when motion of segments of a redox polymer allows
collisional electron transfer between segments. Such electron-
transferring collisions evidently shunt the longer, equally sig-
nificant, tortous routes involving redox-site to redox-site hopping
of electrons along the backbone of redox polymers.
Experimental Section

Chemicals. POs-EA was prepared as described.2! The polymer
consisted of 50 kDa poly(4-vinylpyridine) (PVP) partially
complexed with Os(bpy),Cl, (Os) and quaternized with 2-bro-
moethylamine (EA). The PVP/Os/EA ratiowas 6:1:1.2. Thus,
63% of the pyridine group were not quaternized. The diepoxide
used for cross-linking the POs-EA was poly(ethylene giycol)
diglycidyl ether (Polyscience, PEG400). The experiments were
performed ina (pH = 7.0) 20 mM phosphate buffer solution with
0.1 M NaCl. All chemicals were reagent grade and were used
without further purification.

Apparatus. A Pine Instruments RDE-4 bipotentiostat with a
x-y-y’ Kipp and Zonnen recorder was used. The single-
compartment water-jacketed electrochemical cell had Pt auxiliary
and saturated calomel electrode (SCE) reference electrodes. The
experiments were carried out under N; at room temperature (20
% 1 °C).

IDA Electrodes. The IDA clectrodes were fabricated by
conventional photolithography using liftoff of a positive photoresist
(Hoechst, AZ 1350J-SF). Gold was sputter-deposited onto the
chromium-primed glass substrate with the patterned resist as
described earlier.2022 The IDA consisted of 100 (N), 2.0-mm-
long, 5.0-um-wide fingers (w), separated by 5.0-um gaps (gap).
Except for the finger area the electrodes were coated with the
photoresist. For quality control, cyclic voltammograms for 2.0
mM ferrocenecarboxylic acid were obtained at a 5.0 mV /s scan
rate. The voltammogram shape, the steady-state current, and
the collection efficiency were as predicted by theory.2

After the test, IDA electrodes were prepared by pipetting
premixed solutions of 20 «L of POs-EA (5.0 mg/mL) and 2.5
uL of PEGDE (2.0 mg/mL) onto both the finger and the internal
gap areas and allowing the water to evaporate at room temper-
ature. The clectrodes were then left to cure in air at ambient
temperature for 24 h.

Three experiments were performed on the POs-EA/PEGDE
coated IDA electrodes (Scheme I). In the generator—collector
experiments (Scheme IA), cyclic voltammograms were obtained
by scanning the potential of the generator from 0.0 (SCE) to 0.6
V (SCE) at various scan rates, while maintaining the potential
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Figwre 1. Scan rate dependence of the cyclic voltammograms for POs-
EA cross-linked with 5.0 wt % PEGDE coated on IDA electrodes, at an
[Os(bpy)2vpyCl]*/2* site coverage of ' = 9.60 X 10~ mol cm~2 in 20
mM phosphate buffer at pH 2.89 containing 0.1 M NaCl. Generator-
collector (solid line), generator—generator (dotted line) voltammograms
are shown for (A), 5.0; (B), 2.0; (C), 1.0 mV s~! scan rates.

of the collector at 0.0 V (SCE). In the generator-generator
experiments (Scheme IB), the voltammograms were obtained by
scanning the potentials of both IDA electrodes from 0.0 V (SCE)
to 0.6 V (SCE) at various scan rates. In the generator-open
circuit experiment (Scheme IC), the voltammogram was obtained
by scanning the potential of the generator from 0.0 V (SCE) to
0.6 V (SCE), while the other IDA electrode was disconnected.

Results and Discussion

Electrochemical Behavior. Figure 1 shows the cyclic volta-
mmograms for POs-EA, cross-linked with 5.0 wt% PEGDE, at
various scan rates. Thevoltammograms of the generator—collector
experiments are shown as solid lines and those of the generator—
generator experiments are represented by dotted lines. The
voltammograms of the generator—generator experiments (dotted
line) exhibited well-defined surface waves at both IDA electrodes.
The waves were almost symmetrical and the peak curreats were
nearly proportional to the scan rate. Cyclic voltammetry
confirmed that the {Os(bpy).vpyCl]* centers were completely
oxidized both on the fingers and in the internal gaps. The charge
(Q) of the POs-EA polymer coated IDA electrodes was calculated
by integrating the currents of the voltammograms of the
generator-generator experiments which equalled 9.26 ¢C and
corresponded to an [Os(bpy),vpyCl]*/2+ coverage of 9.60 X 10-°
mol cm-? at all scan rates.

The voltammograms of the generator—coliector experiments
(solid lines) show that a steady-state current was reached at 0.6
V (SCE). The generator voltammograms differed from those of
the collector in that the collector voltammograms were sigmoidal
atallof thescanrate. Theshapesof thegenerator voltammograms
changed with the scan rate, while the generator current equalled,
at a given potential, the sum of the collector current of the
gencrator—collector experiment and the current of the generator—
generator experiment. Thus, when the peak current in the
generator—-generator experiment reached a substantial fraction
of the steady-state current, the generator voltammogram of the
geaerator—collector experiments also showed a peak (Figure
1A,B). However, when the peak current of the generator—
generator experiment wassmall relative tothe steady-state current,
the generator voltammogram had a sigmoidal shape (Figure 1C).
Thesteady-state current was that expected for [Os(bpy).vpyCl]*
oxidation at the generator, transport of electrons through the
redox polymer and rereduction of [Os(bpy),vpyCl]2* sites at the
collector. Theanodic limiting current wasidentical tothe cathodic
one, and the limiting current was independent of scan rate. The
observed hysteresis between forward and backward potential
sweeps at the collector electrode was caused by the insufficiency
of time for establishment of steady-state concentration profiles
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Figure 2. lonic strength dependence of cyclic voltammograms for POs-
EA cross-linked with 5.0 wt % PEGDE coated on IDA clectrodes, at an
[Os(bpy)avpyCl}*/2* site coverage of T' = 1.93 X 10~ mol cm? in 20
mM phosphate buffer at pH 7.0 and at 1.0mV s~ scan rate. Generator—
collector (solid line), generator—open circuit (dashed line), generator—
generator glottad line) voltammograms are shown for (A), 0.1 M; (B),
1.0 M NaCl.

at the applicable scan rates and the hysteresis decreased when
the scan rate was slower. The results show the existence of a
steady-state OsT+/T+ concentration profile between the generator
and the collector electrodes and establish that charge transport
through the POs-EA polymer limits the current. The steady-
state current is expected, bowever, to be affected by microscopic
counterion displacement!? and to be slightly in excess of the
electron diffusion current. According to Savéant’s theory,!8 the
value of the correction factor w is 1.114 for [Os(bpy),vpyCl}*/2+
and a monovalent counterion, such as CI- or Cl1O,~. However,
the theory assumes that the only mobile ion in the film is the
counterion and that the electroneutrality of the film is maintained
only by the counterion. This assumption is valid only for perfect
Donnan exclusion of ions from the film. In a well-hydrated open-
network redox hydrogel, the supporting electrolyte permeates
the film and allows the concentrations of the ions in the bulk of
the solution and the hydrogel to approach each other. Thus, in
swollen hydrogels microscopic counterion transport should affect
the current less than predicted by Savéant’s theory, and that w
in eq 1 should approach 1.0. For w = 1, the calculated value of
D, is 1.6 X 102 cm? s! at pH 2.89. As pointed out earlier, we
donot account for spatial nonlinearityof the concentration profile
of Ost+/M+ caused by the variation in polymer fluidity with the
oxidation state of the redox cegters in the gaps between the
microanodes and microcathodes,!? and the calculated D, value
represents on average for the polymer between the generator and
the collector.

Effect of the Ionic Strength and the Anjomic Species on D,
The voltammograms of Figure 2 show that D, depends strongly
on ionic strength. When the concentration of NaCl was raised
from 0.1 to 1.0 M, O remained constant but Iss decreased.
Moreover, in the generator—open circuit experiment (dashed line),
ashoulder, indicating lateral electron diffusion between the fingers
(Scheme IC) was seen. This shoulder is a consequence of the
distance between two fingers (15 um) being much larger than the
film thickness. While the shouider was sharpin 0.1 M NaCl, a
diffusional tail was observed in 1.0 M NaCl. D, decreased
logarithmically with the NaCl concentration above 0.1 M NaCl
(Figure 3A). Below 0.1 M NaCl, where the ionic strength was
controlled by the 20 mM phosphate concentration and not by the
NaCl concentration, D, was constant. Earlier resuits obtained
by transient methods suggested that D, slightly increases with
ionic strength at a constant density of redox sites in film.%7 The
effective density of redox sites would, however, change if the
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Figure 3. Effect of the ionic strength on the electron diffusion coefficient
(A) and the half-wave potential of the POs-EA polymer (B). The
conditions are the same as in Figure 2.

change in ionic strength greatly perturbs the microscopic routes
of electron transfer, e.g., by changing the local dielectric constant
of spaces between colliding cationic chains segments and thus the
electrostatic repulsion between these. Sincesteady-state voltam-
metry using IDA electrodes defines apparent average D, values
for the actual system, without adjustment for redox site con-
centrations, the variation in the effective density of redox sites
is intrinscally accounted for. Furthermore, the macroscopic ion
migration effects that cannot be ignored at low ionic strengths
in the transient measurements does not affect the steady-state
measurements, where there is no net movement of ions into or
out of the films. The observed decrease of D, with increasing
ionic strength may be caused by association between [Os(bpy)»-
vpyCl]*+/2+ centers and chloride counterions. For Nafion films
with only electrostatically bound Os(bpy);2*/3* ion, Anson and
Savéant?! suggested a model involving, at high ionic strengths,
charge propagation by dissociation of ion pairs, clectron transfer,
and association of pairs. This modelis applicable for low dielectric
constant domains in the interior of Nafion. Association of ions
in POs-EA is uncertain, but is suggested by the fact that the
polymer is soluble in 0.1 M NaCl yet precipitates from 1.0 M
NaCl. Association of ions would explain the decrease by 20
mV /decadein the apparent half-wave potential of Os!*/T* ypon
increasing the NaCl concentration (Figure 3B).22f2¢ A 59 mV/
decade slope was measured by Anson et al. and was explained
as resulting from Donnan exclusion.2* Because the swollen cross-
linked POs-EA hydrogel is more easily permeated by both anions
and cations than Anson’s ion-exchange resins, that were designed
to exclude either anions or cations, these Donnan exclusions were
incomplete at best in our hydrogel.

Figure 4 shows the cyclic voltammograms at the IDA collector
clectrodes at 0.1 M NaCl (A) and 0.1 M NaClO, (B). When
the hydrated chloride anion was replaced by the hydrophobic
perchlorate anion that is not hydrated,” the peak current decreased
and a diffusional tail appeared in the generator-generator
experiment. In the generator—collector experiment the steady-
state current decreases. Both indicate sluggish electron trans-
port.7529% Because the Stokes radius of the chloride anion is
almost identical with that of perchlorate anion,? the polymer
structure need not be changed for geometrical considerations
upon substitution of the anions. Therefore, the distance between
the Os2+/3* sites should be the same with either chloride or
perchiorate as the counterion in the polymer. Theanion changes,
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Figered4. Aniondependence of the cyclic voltammograms at the collector
electrode for POs-EA cross-linked with 5.0 wt % PEGDE, at an
[Os(bpy)2vpyCl]*/2* site coverage of T = 4.01 X 10-? mol cm~2 in 20
mM phoshate buffer at pH 7.0 and at 2.0 mV s~! scan rate. Generator—
collector (solid line) and generator—generator (dotted line) voltammograms
are shown for (A), 0.1 M NaCl; (B), 0.1 M NaClO,.
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Figure 5. pH dependence of the cyclic voltammograms at the collector
for POs-EA cross-linked with 5.0 wt % PEGDE, at an [Os(bpy)avpyCl] */2*
site coverage of I' = 4.35 X 10~ mol cm~2, in 20 mM phospbate buffer
containing 0.1 M NaCl,and at 2.0mV s™! scan rate. Generator—collector
(solid line), generator-generator (dotted line) voltammograms are shown
for pH (A), 2.0; (B), 4.0; (C), 7.0.

however, the nature of the polymer, becausc hydrophobic
interactions are enhanced by the perchlorate anion. Oh and
Faulkner® reported that the water content in a redox polymer
film with perchlorate was reduced relative to that with chloride.
Upon replacement of Cl- by ClO,~ the half-wave potential of
POs-EA in 0.1 M perchlorate was shifted cathodically by 40 mV
to 0.245 V (SCE). This shift resulted from a change in the
equilibrium constant for pairing of [Os(bpy),vpyCl]*/2* cation
and the anion or from a related change in the solubility of the
oxidized redox polymer.24:27.28 In the ClQ,- system ion pairing
is enhanced, causing POs-EA, which is soluble in 0.1 M NaCl,
to precipitate in 0.1 M NaClO,.

Dependence of D, on pH. Figure 5 shows the pH dependence
of the cyclic voltammograms for the collector. The steady-state
current decreased with increasing pH, while the total charge
remained constant. The dependence of D, on pH for POs-EA
cross-linked with 5.0 wt % PEGDE is shown in Figure 6. D,
increased from 4.5 X 10~ to 1.6 X 10-* cm? s~! when the pH was
lowered from 7.0 to the pK, of pyridine.” The protonated and
positively charged gel visibly expanded. Although the expansion
decreased the concentration of the Os sites, segmental motion of
the polymer was facilitated and D, increased.

The voltammograms in the generator-generator experiments
(Figure 5, dotted lines) also changed with pH. The peak currents
increased with pH and the peaks’ width at half-height narrowed
with increasing pH. The values of the peak currents and the
peak widths at half-height are summarized in Table I. At pH
2.0the peak currentand the peak width in the anodic voltammetric
wave were identical with their theoretical values.? However,
the anodic peak current and the peak width deviated from their
theoretical values at high pH. This deviation is explained by
interaction between the redox species, as observed earlier in other
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Figure 6. pH dependence of the electron diffusion coefficient of POs-EA
cross-linked with 5.0 wt % PEGDE. T = 4.35 X 10~ mol em2, 20 mM
phosphate buffer containing 0.1 M NaCl, 2.0 mV s! scan rate.

TABLE I: pH Dependence of the Peak Current and the
lfweak Width at Half-Height of the Anodic and the Cathodic
aves

peak current, nA peak width, mV
pH anodic cathodic anodic cathodic
2.0 80 72 90 95
40 84 72 85 95
5.0 88 68 80 90
1.0 100 72 5 90
theoretical 807 90.6

« Value calculated from I' = 4.35 X 10 mol em~2, v = 2.0 mV s,

TABLE IE: Effect of the Extent of Cross-Linking on the
Electron Diffusion Coefficient

D,, cm? s
cross-linker, wt % pH 3.0 pH7.0
5 1.6 x 10 4.5%10°
25 4.2 x 107 32%x107

polymers.!-3%-22 When the pyridine nitrogen of the POs-EA
polymer is protonated and the polymer is swollen at pH 2.0, the
distance between Os sites is large and the sites do not interact.
Because at pH > 4 the pyridine nitrogens are not protonated, the
polymer is less swollen and the distance between the Os sites is
small enough for the sites to interact. No interaction is seen,
however, at pH 2, because at this pH the oxidized redox polymer
is well swollen.

The D, values for the POs-EA polymer at various cross-linker
concentrations are summarized in Table II. When the network
was made with 5.0 wt % cross-linker the network could swell at
low pH and D, was pH dependent. D, was, however, almost
independent of pH for the polymer made with 25 wt % cross-
linker. When the concentration of the cross-linker was 25 wt %,
32 % of the pyridines in the polymer were cross-linked with the
diepoxide. At such extreme cross-linking the polymer did not
swell evenat low pH, and the electron-transfer affecting segmental
motion of the polymer backbone was restricted.

Conclusions

D, decreases with increasing ionic strength because of enhanced
association between [Os(bpy),vpyCl)*/2* and the chloride coun-
terion. D, also decreases when the hydrated chloride ion is
replaced by the hydrophobic perchlorate ion. Lowering the pH
causes swelling of the cross-linked POs-EA films yet increases
D,, probably because of enhancement of electron-transferring
collisions between chain segments. D, is independent of pH when
POs-EA films are highly cross-linked and the segmental motion
is limited.
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1. Introduction

Proteins and glycoproteins of enzymes behave with
respect to electron transport, but not ion transport, as
good electrical insulators. We have shown that these
insulators can be made sufficiently electron conducting
to allow the flow of a current between reaction centers
of redox enzymes and electrodes equaling or exceeding
the current associated with the turnover of the enzymes.
In order for such a current to flow it is necessary to
introduce into the enzyme proteins or glycoproteins
fast electron-relaying centers, so as to reduce the elec-
tron transfer distances [1, 2).

2. Methods of introducing fast electron relays into
enzymes

There are three ways by which fast electron relays
can be introduced into an enzyme: (a) covalent bonding
of relays to the enzyme’s protein [3-5}; (b) covalent
bonding through a sufficiently long and flexible tether
to a peripheral oligosaccharide of a glycoprotein enzyme
[6]; (c) forming complexes between enzyme proteins
and redox macromolecules {1, 7).

2.1. Covalent attachment of electron relays to enzyme
proteins

Relays can be attached to lysine amines of enzyme
proteins through carbodiimide coupling with carboxylic
acid derivatives of relays [3, 4]. The resulting enzymes
can be directly and continuously electrooxidized if
reduced by their substrates. The relay-modified enzymes
retain most of their activity and selectivity. For example,
glucose oxidase can be chemically modified by covalent
attachment of 13 12 electron-relaying ferrocenes to its
protein. The FADH, centers of the modified enzyme
are electrooxidizable in the absence of diffusional me-
diators.

2.2, Covalent attachment of tethered electron relays to
oligosaccharides on the periphery of enzymes

Periodate oxidation of surface oligosaccharides on
enzymes produces aldehydes. These form Schiff bases
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with electron relays that are attached through tethers
to terminal amines. The Schiff bases can then be reduced
with sodium borohydride to form hydrolytically stable
secondary amines. Investigation of tethered ferrocenes
as relays shows that efficient electron relaying requires
sufficiently long tethers for the relay to reach the
midpoint between the reactive centre of the redox
enzyme and its periphery. When the tethers are too
short electron relaying is inefficient; and after a certain
length, further lengthening of the tether does not
improve the electron-relaying efficiency. For glucose
oxidase the required tether has 11-13 carbon atoms
or carbon and nitrogen atoms [6].

2.3. Electron relaying through water-soluble redox
macromolecules. Electron transport in enzymes: redox
polymer conjugates

Interaction between water-soluble biomolecules is
common in nature forming the basis for immune re-
actions, DNA replication and recognition systems.
Water-dissolved enzyme molecules can be designed to
couple to appropriately designed water-soluble redox
macromolecules. The binding may involve hydrophobic,
ionic or hydrogen bonding interactions. The redox
molecule and the enzyme protein interpenetrate in the
coupling reaction. As a result, redox centers of the
enzymes are brought into electrical contact with those
of the electron-relaying redox macromolecules [1, 7).

The enzyme-complexing redox macromolecules
are polyelectrolytes with fast, nitrogen~complexed
[Os(bpy).Cl]*#* redox centers. The backbones can be
based on poly(vinyl pyridine) or other polymers having
Os**”* complexing functions. An example of such a
macromolecule is shown in Fig. 1.

2.4. Simple biosensors based on complexes of redox
enzymes and redox macromolecules

When an enzyme-binding redox macromolecule is
adsorbed on or attached to an electrode surface, it will
complex dissolved enzymes and electrically connect
these [7]. Thus amperometric biosensors can be made
in a process involving two adsorption and rinsing steps.
Such biosensors have a rise time shorter than 1 s.

© 1993 — Elsevier Sequoia. All rights reserved
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Fig. 1. Example of an electron-relaying, enzyme-complexing redox
macromolecule.

A simple biosensor can be made by adsorbing a
polymer similar to that shown in Fig. 1, but with a
methyl group substituting for the ethylamine, on a
carbon electrode, rinsing and complexing the enzyme
to transiently non-adsorbed segments of the electrode-
adsorbed redox macromolecule. For such complexing,
the redox macromolecule must be long because a suf-
ficient number of adsorbed segments is needed in order
to avoid desorption; yet most of its segments must be
‘in solution’, i.e., transiently desorbed, so as to complex
and penetrate the enzyme protein [1}.

3. Crosslinked 3D electron-transporting enzyme
redox polymer networks: electrical ‘wiring’ of
enzymes

The enzyme redox polymer adducts of Section 2.4
can be crosslinked if the polymer of Fig. 1 is an amine,
or if its segments are modified with carboxylic acid
functions.

In the first case, the amines of the redox polymer
and of the enzyme can be crosslinked with a bi-functional
crosslinker, such as a diepoxide. In the second case
the carboxylic acids can be esterified to form reactive
N-hydroxysuccinimides. The latter react with lysine
amines of the enzyme, the enzyme acting as a crosslinker
of the redox macromolecule [8].

3.1. Enzyme-wiring redox epoxy hydrogel networks

The redox polyamines of Section 3 can be crosslinked
with a water-soluble diepoxide, such as polyethylene
glycol diglycidyl ether, that does not complex either
the enzyme or the redox macromolecule [9, 10]. This
is important because complexing of either component
can lead to the break up of the complex in which the
enzyme is ‘wired’. The polyethylene glycol diglycidyl
ethers used are of 400-600 daltons. Their chains are
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flexible and well hydrated. With both the enzyme and
the redox polymer being water soluble, a hydrogel is
formed upon crosslinking. This hydrogel is not only
permeable to the substrate and the product of the
enzyme-catalyzed redox reaction, but also has an elec-
tron-transporting polymer network. Consequently, the
substrate and product diffuse easily to and from the
network-bound enzyme, while the network electrically
connects the redox centers of the bound enzymes to
electrodes. The current densities and sensitivities of
the resulting biosensors are high: current densities in
excess of 107> A cm~? are observed and sensitivities
reach 0.1 A cm 2 M™%,

3.2, Miniaturization of amperometric biosensors

The enzymes in the redox epoxy hydrogels are well
‘wired’, i.e., the electrons associated with their turnover
are efficiently collected at the electrodes. In Faraday
cages we have observed the turnover of as few as 300
enzyme molecules.

In practical applications biosensors must, however,
function in an environment with electromagnetic noise.
The noise equivalent currents in our laboratory are
near 10~'! A. Thus, unless the biosensors are operated
in Faraday cages, the currents must exceed 107 A,
For this reason our practical microsensor tips are min-
iaturized to 7 um diameter, but not less. Electron
transport to these tips is radial and current densities
in excess of 3 mA cm ™2 are observed at high substrate
(e.g. glucose) concentrations {11}].

4. Elimination of interferants

Biosensors are only imperfectly selective, because
non-enzyme-catalyzed electrode reactions may also take
place. Thus, on anodes poised positive of the redox
potential of the enzyme-wiring, redox macromolecule
biological fluid constituents such as urate, ascorbate
and acetaminophen may also be electrooxidized. Their
electrooxidation currents add to and distort the true,
substrate-associated current.

To eliminate the electrooxidizable interferants we
use the very fact that they are easy to oxidize. Specifically,
the interferants are rapidly oxidized by hydrogen per-
oxide in the presence of horseradish peroxidase. Thus
ascorbate, urate, acetaminophen and other interferants
are quantitatively eliminated in immobilized horseradish
peroxidase overlayers on enzyme electrodes that are
electrically insulated from the sensing layer. The fluid
reaching the sensing layer is stripped of all interferants,
while species detected such as lactate or glucose are
not oxidized [12].
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S. Miniature flexible physiological lactate sensor

The concepts of 3D wired enzyme hydrogels and
interference elimination have been implemented in
biosensors of which a miniature physiological lactate
sensor is an example. The sensor is 0.3 mm in diameter,
consisting of 300-500 carbon fiber tips [13]. The fibers
are epoxy-embedded and are contained in a 0.3 mm
diameter biocompatible polyimide tubing. The ensemble
of epoxy-embedded fiber tips is coated with the redox
epoxy hydrogen containing lactate oxidase. This sensing
layer is then coated with an electrically insulating layer
made of poly(vinyl-imidazole), crosslinked with ethylene
glycol diglycidyl ether. The top overlayer contains two
co-immobilized enzymes: glucose oxidase and horser-
adish peroxidase (Fig. 2).

The physiological fluid, e.g. blood, contains glucose
and oxygen. Glucose is oxidized by oxygen in the glucose
oxidase and horseradish peroxidase containing overlayer
in a reaction generating gluconolactone and hydrogen
peroxide. The hydrogen peroxide generated oxidizes
the horseradish peroxidase, that, in turn, oxidizes and
eliminates all the electrooxidizable interferants, but not
lactate. The sensing layer sees, therefore, a preoxidized
stream from which the interferants are stripped. The
electrode is then overcoated with a biocompatible film.
The electrode’s sensitivity is 2.5xX1072 A cm~2 M™%,
It can be stored at 4 °C for four months with no
measurable change. Its 10-90% rise time is 1 min. If
periodically recalibrated, the electrode can be used for
10° lactate measurements.
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Hydrogen Peroxide and (3-Nicotinamide Adenine Dinucleotide
Sensing Amperometric Electrodes Based on Electrical
Connection of Horseradish Peroxidase Redox Centers to
Electrodes through a Three-Dimensional Electron Relaying

Polymer Network
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Hydrogen peroxide Is efficiently electroreduced at an electrode
modified with a hydrophllic, permeable fiim of horseradish
peroxidase (HRP) covalently bound to a 3-dimensional epoxy
network having polyvinyl pyridine (PVP)-complexed
[Os(bpy).CIP*/2* redox centers. The sensitivity of the resulting
H.0; cathode at 0.0 V (SCE) Is 1 A ecm™? M. Iis current
Increases linearly with H,0,; concentration in the 1 X 10-7-2
X 10~ M range. Related NAD{P)H cathodes are based on
stoichiometric homogeneous reduction of 0, to H;0, by NADH
or NAD(P)H. The reduction invoilves two known steps. In
the first step, NAD(P)H transfers two siectrons and a proion
to a dissoived quinoid. The quinoide are typically derived of
phenazines; however phenothlazine and phenoxazine deriv-
atives are aleo useful. In the second step, two electrons and
a prolon are iransferred from the reduced quinoid to 0,. This
reaction produces H,0; and the original quinoid. Because the
two reactions are quantitative, the sensitivity and the linear
range of the resulting NADH and NADPH electrodes are
Identical with those of the H,0. electrode, 1 A cm™ M~ and
1 X 1077-2 X 10™* M, respectively.

INTRODUCTION

Selective electrooxidation of NADH and NADPH cofactors
(reaction 1) of enzymes allows, in principle, amperometric
assay of a substantial number of biochemicals. When the

NAD(P)H — NAD(P)* + 2¢” + H* ¢}

electrooxidation products are the cofactors NAD* or NADP+,
these can be enzymatically rereduced and electrocatalytic
enzyme electrodes can be made. The reversible potential of
the NADH/NAD" coupleis -0.56 V (SCE) at pH 7.! Because,
the reaction involves the concerted transfer of two electrons
and a proton, it is usually slow, proceeding at practical rates
on most electrodes only at high overpotentials. At these high
overpotentials reaction products of NADH and other con-
stituents of biological fluids that are also electrooxidized
interfere with the amperometric assays of NAD(P)H.2?
Following Elving’s definition of this problem,*¢several groups,

) Clnrk, W.M. Ozadatwn-Reduczwn Potentials of Organic Systems;

illiam and Wilkins: Baltimore, 1

(2) Moiroux, J.; Elving, P. J. Anal. Chem 1979, 51, 346-50.
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particularly those of Miller,’ - Gorton,! and Kulys,'%!3
developed electrodes on which . .action 1 proceeds rapidly at
low overpotentials. The most successful electrodes, of which
Gorton’s phenoxazine-derivative and Kulys’ phenazine-based
electrodes are examples,!!-¢ utilize electrode-bound, elec-
trode-adsorbed, or freely diffusing mediators having quinoid
structures in their oxidized state. The quinoids effectively
catalyze reaction 1 at potentials near 0.0 V (SCE).

Here we consider a more complex but nevertheless very
fast and efficient set of coupled reactions for the amperometric
assay of NAD(P)H. The first is a homogeneous solution
reaction, exemplified by (2), where, as in the electrode

PMS" + NADH — PMSH + NAD"* (2)

reactions of Miller, Kulys, and Gorton, two electrons and a
proton are transferred from NAD(P)H to a quinoid mediator.
A particularly effective mediator is the water-soluble 5-
methylphenazonium cation (PMS*) which is quantitatively
reduced by NAD(P)H to 5-methylphenazine (PMSH). PMSH
is next reoxidized to PMS* by dissolved molecular oxygen
which is, in turn, reduced to H,O; (reaction 3). With reactions

PMSH + 0, + H* - PMS* + H,0, &)

2 and 3 being quantitative, each mole of NAD(P)H produces
1molof HyO2. H20,is then assayed through electroreduction
on the “wired” peroxidase electrode (reaction 4). Several
H,0, + 2¢" + 2H* — 2H,0 @

previously reported detection schemes for NADH and ™ A._-

PH have utilized reactions 2 and 3, amperometrically sensing
the depletion of oxygen!”!8 or spectrophotometrically mea-
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Table I. Amperometric H;O, Sensors Based on HRP-Modifled Electrodes

sensitivity  linear
electrode mediator or electrode (A cm™? range
surface redox matrix potential® M) 6M) comments ref
glassy carbon none 0.0 102 HRP covalently bound to a hydrophilic this work
epoxy network; polyvinylpyridine-derived
polyamine croes-linked with PEGDGE .
glassy carbon polymer 1 0.0 1 0.1-100 HRP covalently bound to hydrophilic this work
epoxy network; polymer I croeslinked
with PEGDGE
spectrographic none® 0.05 0175  0.1-500 BSA with glutaraldehyde croes-linking 36
graphite
carbon paste o-phenylenediamine? -0.15 NA?® 3.1-200 butanone peroxide used as the substrate 37
Pt hexacyanoferrate (0.01 M)¢  -0.05 e 5-1700 HRP immobilized onto a Nylon net as
NMP*TCNQ none’ 0.05 0.168 HRP entrapped with dialysis membrane 39
Sn0; ferrocenecarboxylic acid® 0.2 0.04 0.01-1  HRP immobilized with glutaraldehyde 40
carbon paste ferrocene® 0.05 NA® 0.1-10  Nafion coating applied to the electrode 41
to prevent loes of mediator
graphite foil potassium -0.02¢ 0.03 <600 electrolyte was dioxane with 15% 42
hexacyanoferrate(1I)? aqueous buffer
carbon fiber# none h 40-5000 biotin/avidin complex used to obtain a 43
surface layer of HRP
Pt, organic metal, potassium ferrocyanide i membrane with albumin and glutaraldehyde 44
or glassy carbon
spectrographic hexacyanoferrate(II)? 0.0 e 0.1-1000 HRP immobilized on arylamino-derivatized 45
graphite or controlled-pore giass, packed into a flow-
carbon film through reactor
aminosilylated hexacyanoferrate(I1)¢ 0.0 i glycerophosphate oxidase, HRP, and BSA 46
glasay carbon covalently cross-linked on the glassy
carbon surface
glassy carbon hexacyanoferrate(I)¢ 0.0 i albumin, glutaraldehyde, HRP, and 47
oxidase (xanthine, uricase, glucose)
matrix held close to the electrode with
a dialysis membrane
gold or graphite  several* k 2.0/ 0.05-6/ HRP free in solution 48

¢ Potential vs SCE. ® Macroporous electrode. The true surface area is unknown. © Uncertainty as to whether the surface species created
during electrode pretreatment are mediating. ¢ Freely diffusing mediator. ¢ Flow system. / Probably mediated by the soluble component of
the organic metal or the reaction product of the organic metal. # Microelectrode. » Cyclic voltametry used to provide selective detection of
oxygen generated by autocatalytic decomposition of hydrogen peroxide. : HRP incorporated into a bienzyme system. / Best reported result
for ferrocenemonocarboxylic acid. * mediators used and redox potential: [Ru(NHy)spyl(ClO); = +28, CpFeC;BoH 1y = -8.0, 1,1’-dimethyl-
3-(2-aminoethyl)ferrocene = +75, (2-aminoethyl)ferrocene = +185, ferrocenemonocarboxylic acid = +275, (aminomethyl)ferrocene = +309

mV.

suring the H;0; generated.'>?! We now add to these
amperometric reduction of H;0. on peroxidase, electrically
connected (wired) through a permeable 3-dimensional redox
polymer network to an electrode. Several horseradish per-
oxidase modified diffusionally mediated and mediatorless
type electrodes have been earlier described. Their charac-
teristics are compared with the wired HRP electrode in Table
L

In the wired HRP electrodes electrons from the electrode
are relayed to the enzyme through a redox epoxy network to
which the enzyme (HRP) is covalently bound. The centers
consist of [Os(bpy):C1]3+/2*, complexed to polyvinylpyridine.
The HRP and the redox polymer are cross-linked into a
3-dimensional epoxy network with a water-soluble diepoxide.
In earlier papers we showed that the resulting redox epoxy
accepts electrons from substrate-reduced enzymes, relaying
these to electrodes. 2 Here we show that the network also
relays electrons in the reverse direction from the electrode to
a bound enzyme. Network-bound HRP is efficiently elec-
troreduced at 0.0 V (SCE), and H;0; is detected with 1 A
cm2 M1 gensitivity. Because NAD(P)H concentrations are
stoichiometrically translated to H,O, through reactions 2 and

(18) Huck, H.; Schelter-Graf, A.; Danzer, J.; Kirch, P.; Schmidt, H.-L.
Analyst 1984, 109, 147-50.

(19) Williams, D. C., ITI; Seitz, W. R. Anal. Chem. 1976, 48, 1478-81.

(20) Eur. Pat. Appl. EP 317070, 1989,

(21) Eur. Pat. Appl. EP 285998, 1988.

(22) Gregg, B. A.; Heller, A. J. Phys. Chem. 1991, 55, 5976-80.

(23) Pishko, M. V.; Katakis, L; Lindquist, S.-E.; Heller, A. Mol. Cryst.
Liq. Cryst. 1990, 190, 221-49.
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Figure 1. of the electron-relaying redox polymer (m =
1; n = 3.35; 0 = 0.6). After cross-linking with PEGDGE, It forms a
3-dimensional network that is able to relay electrons to covalently
bound HRP. The polymer is referred to as polymer 1.

3, these cofactors are also detected at the same potential with
the same sensitivity.

EXPERIMENTAL SECTION

Reagents. Horseradish peroxidase (HRP)E.C.1.11.1.7 (Sigma
P-8375 Type VI, 260 units/mg) was used. Poly(ethylene glycol
600 diglycidyl ether), technical grade (PEGDGE) was purchased
from Polysciences (Catalog No. 8211). The osmium redox
polyamine (polymer I, Figure 1) was synthesized as described
previously.” NADH and NADPH were purchased from Sigma
(340-110 and N-1630, respectively). 5-Methylphenazonium
methyl sulfate was from Aldrich. Other mediators were from
Aldrich or Sigma. All chemicals were used as received.

Electrode Construction and Preparation. Rotating disk
electrodes were made of a 1-cm length of 3-mam-diameter vitreous

(24) Gregg, B. A.; Heller, A. J. #hys. Chem. 1991, 96, 69706,
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Figure 2. Cyciic vokammogram of a vitreous carbon electrode modified
with the Schift base formed of polyaldehyde—HRP and polymer I without
[Os(bpy).Ci]¥*/%* electron-relaying centers, additionally cross-iinked
with PEGDGE: {A) no H,0;; (B) 0.1 mM H,0,. Conditions: aerated pH
7 physiological phosphate buffer (PBS) solution; scan rate 2.5 mV s';
500 rpm.

-— reduction

carbon rods from Atomergic Chemicals Corp. These were press-
fitted into one end of a Teflon sleeve. The opposite end of the
sleeve had a press-fitted stainless steel rod threaded to match a
Pinerotator. Electrical contact between the vitreous carbon and
stainless steel rods was made with a silver epoxy Epo-tek H20E
from Epoxy Technology Inc. The electrodes were polished first
with 6-um then with 1-um diamond suspension, followed by 0.3-
umalumina. The polishing compounds were from Buehler. After
each polishing step, the electrodes were sonicated 3-6 min in
deionized water.

Enzyme Immobilization. HRP (2 mg) was dissolved in 100
uL. of 0.1 M sodium bicarbonate solution. After the addition of
50 L of 12 mg/mL sodium periodate, the enzyme solution was
incubated in the dark for 2.3 h. A 10 mg/mL solution of polymer
1 was used to dilute aliquots of the enzyme solution to make
enzyme: polymer I solutions of various ratios (1:5, 1:10, 1:50,
1:100). A 1-uL loading of enzyme: polymerIsolution wasapplied
to the polished vitreous carbon surface. The electrodes were
allowed to partially dry for 5-15 min, after which, 1 uL ofa 1
mg/mL solution of PEGDGE was applied. The electrodes were
then cured in water-saturated air at room temperature for >4 h.

Electrodes were also made by coimmobilizing the NalO,-
oxidized HRP with a polyamine that had no redox centers. This
polyamine was obtained by reacting polyvinylpyridine (PVP)
(MW 60 000) with 2-bromoethylamine to form the pyridinium-
N-ethylamine derivative. It is thus similar to polymer I but has
no [Os(bpy)sC11¥+/3* redox centers. The HRP was cross-linked
to the polyamine using PEGDGE through the above described

process.

Buffers, Electrodes, and Electrochemical Equipment.
The electrodes were operated at room temperature in modified
Dulbecco’s buffer (PBS) at pH 7.4. Unless otherwise indicated,
thesolutions were well aerated. All mediatorsolutions weremade
daily and protected from light until used. Potentials were
referenced to asaturated calomel electrode from EG & G, Catalog
No. K0077. A platinum wire was used as the counter electrode.
The chronoamperometric experiments were performed on an EG
& G potentiostat/galvanostat Model 173 and recorded on a Kipp
& Zonen XY recorder Model BD91. The cyclic voltammograms
were run on an EG & G potentiostat/galvancstat Model 273A
and recorded on a PC with software developed in this lab. The
rotator used was a Pine Instruments AFMSRX with the ACMDI
1906C shaft.

RESULTS

H;0; Sensing Electrodes. Electroreduction of H;0; is
observed on electrodes modified with HRP immobilized in
the epoxy network formed of either the polyamine without
[Os(bpy),C1}3*/2* redox centers (Figure 2) or with [Os-
(bpy)2C1]13+/2* redox centers (Figure 3). When there are no
(Os(bpy);Ci]3*/?* centers in the polymer, reduction takes

10

oxidation ——a
o

«— reduction
8

0 100 200 300 400 500

Potential vs SCE, mV

Figure 3. Electrode as in Figure 2, but with [Os(bpy).Ci]**/?* electron-
relaying centers (polymer 1) (1:5 enzyme to polymer I ratio): (A) no
H0,; (B) 0.1 mM H0;; (C) 0.5 mM H,0.. Conditions for A and B are
as in Figure 2. For C the scen rate is 2.5 mV s~'; 2000 rpm.
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Figure 4. Potential dependence of the steady-state current density for
a vitreous carbon elecirode modified with PEGDGE-cross-linked HRP-
polymer I at 1:5 ratio. Conditions: PBS; 1000 rpm; 1 X 10-5 M H;0;.
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Figure 5. Dependence of the current density on the H.0; concentration

for vitreous carbon electrodes modified with PEGDGE-cross-inked HRP-

polymer I fiims. The HRP:polymer 1 ratios are indicated. Conditions:

PBS; 0.0 V {SCE); 1000 rpm.

place at potentials negative of 0.2 V (SCE). In1 x 10 M
H;0; a ~1 pA cm plateau is reached near 0.1 V (SCE). In
the redox epoxy network formed by PEGDGE croes-linking
of polymer I containing [Os(bpy).CI]3*/2* centers, the current
density at 0.0 V (SCE) increases by 2 orders of magnitude to
about 100 uA cm2, Furthermore, H;0; electroreduction is
observed already at +0.45 V (SCE) and the steady-state
current plateaus at +0.3 V (SCE) (Figure 4).

The dependence of the catalytic H;O, electroreduction
current density on the HRP:polymer I ratio in PEGDGE cross-
linked films is seen in Figure 5. The current density is nearly
independent of the HRP:polymer ratio at low (<1 X 107¢ M)
H;0, concentration. At higher (>1 X 10~* M) H;0; concen-
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Figure 8. Dependence of the current density on the square root of
the angular velocity of PEGDGE-cross-linked 1:5 and 1:100 HRP:polymer
I electrodes. Conditions: PBS; 0.0 V (SCE); 0.1 mM H;0,.
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Figure 7. Steady-state calibration curves for PEGDGE-cross-inked
1:5and 1:100 HRP:polymer [ electrodes in air (solid circles) and nitrogen
{open circiss). Conditions: 0.0 V (SCE); PBS; 500 rpm.

tration the current density increases as the film becomes richer
in HRP up to a ratio of 1:5 (Figure 5); the current density
then decreases upon further increasing the enzyme content
(not shown). The current densities of electrodes with 1:10
and 1:5 (HRP:polymer I) film ratios do not differ greatly. For
electrodes with the 1:5 (HRP:polymer I) films the senasitivity
in the (0-1) X 10 M H:0; concentration range is 1 A cm™2
M-L;i.e. the current density at 1 X 10~ M H,0,is 100 gA cm™2.
When the H,0; concentration exceeds 0.26 mM, the current
is time dependent and decays because of (slow) substrate
inhibition of HRP. Control electrodes, made with PEGDGE
croes-linked films of polymer I without HRP show no
measurable H;0, response.

Figure 6 shows Levich plots fc*1:100 and 1:5 (HRP:polymer
I) electrodes in 1 X 10¢ M H;0,. Linear dependence of the
current density on the square root of the angular velocity is
observed only up to about 400 rpm. At higher angular
velocities the current densities increase with the HRP content
of the films but are not proportional to the HRP content. At
2500 rpm increasing the HRP concentration from 1:100 to
1:5 increases the current density by only 30%.

The insensitivity of the electrodes to the partial pressure
of oxygen is seen in Figure 7. There is no measurable
difference between the calibration curves of the 1:100 (HRP:
polymer I) electrode in nitrogen-purged or air-saturated
solutions. For the 1:5 (HRP:polymer I) electrode there
appears to be a marginal difference, with the readings in air
exceeding those in nitrogen by leas than 2%.

The dynamic range of the 1:5 (HRP:polymer I) electrode
is seen in Figure 8. The current density increases linearly
with HyO, concentration over a range of 3 orders of magnitude
from about 1 X 107 to 1 X 10~* M (correlation coefficient

S~
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Figure 8. Dynamic range of the 1:5 HRP:polymer [ electrode. Steady-
state measurements were at 0.0 V (SCE) and 1000 rpm with PBS.

0.997; slope 1 A cm™2 M™1). At 10 M H;0, the 0-95% rise
time is 2 min. At lower concentrations the rise times are
longer. Following an H,Q. injection raising the concentration
from 0.0 to 1 X 10" M, the rise time is about 10 min. The
noise equivalent H;0; concentration is 3 nM; i.e. at 1 X 10
MH,0; thesignal tonoise ratiois 3. The background current,
measured after the electrode was allowed to stabilize for 30
min, is 70 nA cm™2.

NAD(P)H Sensing Electrodes Derived of HRP Wired
to a 3-Dimensional Redox Polymer Network. The wired
HRP electrodes are insensitive to NAD(P)H; i.e. the back-
ground current at 0.0 V (SCE) does not change when either
cofactor is added. However, if 1-methoxy-6-methylphen-
azonium methyl sulfate (I, cation), 5-methylphenazonium
methyl sulfate (I, cation), Meldola’s blue (111, cation), Nile
blue (IV, cation), toluidine blue O (V, cation), methylene blue
(VI, cation), thionine (VII), flavin mononucleotide (VIII),
4,5-dihydro-4,5-dioxo-1H-pyrrolo[2,3-flquinoline-2,7 8-tricar-
boxylic acid (PQQ) (IX), or methylene violet (Bernthsen)
(X)isadded, an NAD(P)H concentration dependent cathodic
current is observed. The structures of these heterocyclic
quinoids are shown in Figure 9. The relative effectiveness of
these mediators in the H;O,-forming reaction is in the order
of their listing, the phenazonium derivatives and Meldola’s
blue being the most effective and flavin mononucleotide, PQQ,
and methylene violet the least. Addition of any of the
mediators at <1.0 gM concentration does not produce a
current response.

The dependence of the steady-state current density on the
NADH concentration for aerated solutions containing 1.6 uM
5-methylphenazonium methyl sulfate is seen in Figure 10.
The dependence is linear through the 1-100 yM NADH
concentration range and the slope, i.e. sensitivity, is 1 A cm™
M1, gimilar to that for H:0,. Corresponding results for
NADPH are seen for the 1:5 electrode in Figure 11. The
linear range for NADPH is from 1 to 200 uM, and the
sensitivity is again 1 Acm2M-!. The equilibration times for
steady-state measurements depend on the concentration of
the mediator; a higher mediator concentration results in
acceleration of the HyO, production. Typically, the 0-95%
rise time of the current following an NADH injection was 5~7
min at 3.3 uM 5-methylphenazonium methyl sulfate con-
centration.

Asexpected from reaction 3, electroreduction currents were
observed only in aerated or oxygenated solutions. The current
did not increase when O, rather than air was bubbled through
the solution. When the solutions were purged of oxygen by
bubbling with N, the current reversed; i.e. an electrooxidation
current was obeerved in the PMSH (PMS* and NADH)
containing solution. Electrooxidation of PMSH proceeded
onglassy carbon electrodes whether or not these were modified
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Figure 9. Structures of the mediators which are able to catalytically
cycle through reactions 2 and 3. Note the central quinoidal structure
stabilized by the adjacent aromatic rings: cation of 1-methoxy-5-
methyiphenazonium methyl sulfats (I); cation of 5-methyiphenazonium
methyt sultate (11); cation of Meldola’s blue (111); cation ot Nile biue
(IV); cation of tokidine blue O (V); cation of methylene blus (VI);
thionine (VI1); flavin mononucieatide (VIII); 4,5-dhydro-4,5-dioxo-
1H-pyrrolo[2,3-f] quinoline-2,7,9-tricarboxylic acld (PQQ) (1X); methylene
violet (Bemthsen) (X).
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Figwe 10. Dependence of the steady-state electrocatalytic raeduction
current on the NADH concentration for PEGDGE-cross-inked
1:5 and 1:100 HRP:polymer 1 fim-modified vitreous carbon electrodes.
Conditions: 0.0 V (SCE), 1000 rpm, 1.6 uM S5-methyiphenazonium
methy) sulfate (PMS*); PBS.

with HRP-containing films. Even minimal aeration of the
PMSH solutions reversed the current, but only on HRP-
modified electrodes.

Light Effects. PMS* solutions strongly absorb A < 480
nm light. It has been reported that the mechanism of
reduction of heterocyclic quincid dyes by NADH can involve
their excited states.'’® Furthermore, the oxidant of the
NADH-reduced quinoid dye may not be ground-state (triplet)
oxygen but excited (singlet) oxygen, formed through energy
transfer from the excited dye in its triplet state. Thus, an a
precaution, the effect of 0.2 mW c¢m2 4100 K color temper-
ature “cool-white” fluorescent on the rise time of the current

(25) Julliard, M.; Le Petit, J. Photochem. Photobiol. 1982, 36, 283-90.
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Figure 11. Dependence of the steady-state slectrocatalytic reduction
current deneity on the NADPH concentration for the 1:5 electrode of
Figure 10. Conditions were as in Figure 10, except that the
S-methyiphenazonium methyl sulfate concentration was 4.7 uM.

was checked. Control experiments with PMS* (1 X 10 M)
show that the current is not changed when the electrode is
operated in the dark or with the above ambient irradiance.
It was also noted, however, that PMS* measurably photo-
decomposed even at low irradiance by the ambient light.

DISCUSSION

HRP-Based Hydrogen Peroxide Sensing Electrodes.
Table I compares H,O, electrodes based on direct, diffu-
sionally mediated, and redox polymer-relayed electroreduc-
tion of HRP. Comparisc.: of the electrodes shows that the
wiring of HRP to an electrode, i.e. its covalent binding to a
hydrophilic 3-dimensional electron-relaying redox network,
increases sensitivity. In the absence of osmium-complex
relays the observed sensitivity, 1 X 10-2A cm~2 M, is 2 orders
of magnitude lower than that in their presence (Figures 2 and
3). In the first case only redox centers of HRP molecules
actually contacting the electrode surface may be electrore-
duced. These redox centers produce the redox wave in Figure
2. Incontrast, most HRP molecules in the films, the thicknees
of which is =104 cm, are electrically accessible when electrons
are relayed through [Os(bpy)2CI]3*/2* centers complexed to
the polyvinylpyridine backbone in polymer I. Electrooxi-
dation of HRP in the electron-relaying epoxy network starts
at +0.45 V, i.e. 0.18 V positive of the +0.27-V redox potential
of the [Os(bpy),Cl113+/2* centers. This implies that oxidized
HRP accepts eloectrons from the network even when the ratio
of the reduced to oxidized centers is only about 1:1000,

The optimal HRP:polymer I ratio in the film (Figure 5) is
near 1:5. At higher enzyme content, the electron-relaying
capacity of the films is diminished by the nonrelaying HRP
in the network. The network, with an electron diffusion
coefficient below 10-8 cm? 51,24 does not transport or transfer
electrons to the bound enzyme molecules fast enough to match
their turnover rate at optimal (10~ M) substrate concentra-
tion. Had the electron transport through the polymer been
faster, still higher current densities might have been realized.
That the electrodes are limited by the rate of electron transfer
either through the network or from the network to the enzyme
is seen in the Levich plots of Figure 6. These show normal
solution mass transfer limited kinetics of the substrate,
characterized by linear dependence of the current density on
the square root of the angular velocity, only at low angular
velocities. At high angular velocities where the kinetics does
not depend linearly on substrate mass transport and depends
only weakly on enzyme content, the characteristics are
dominated by transport of either electrons or substrate
through the film. Previous work with glucose oxidase
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containing redox epoxy films suggests electron transfer or
transport limitation.?

Reduction of Heterocyclic Quinoids by Two Electron
Plus Proton Transfer from NAD(P)H. The earlier results
of Miller, Gorton, Kulys, and their colleagues®®-3! ghow that
NAD(P)H is rapidly and cleanly oxidized to NAD(P)* by
transferring two electrons plus a proton to any of a variety
of dissolved or electrode-surface-bound quinoids, including
native quinoids on oxidized graphite (reaction 5). 5-Meth-

quinoid,, + NAD(P)H — quinoid,,; + NAD(P)* (5)

ylphenazonium derivatives and Meldola’s blue and its de-
rivatives are particularly fast two electron plus proton
acceptors from NAD(P)H. The homogeneous bimolecular
two electron proton transfer rate from NADH to PMS*
(reaction 2) is 3.8 X 10° M1 s! at 25 °C.32

Ozxidation of PMSH by O; (reaction 3), whereby PMS* is
recovered and H,O; is produced, has a bimolecular homo-
geneous rate constant of 1.8 X 102 M~ s°! in water at 25 °C.3
Thus in an aqueous solution in equilibrium with air (=2.5 X
10¢ M Oy), the oxidation of PMSH is rapid. Indeed, the
related reaction of dihydrophenazine and O; in an organic
solvent (reaction 6) has been considered as an industrial
process for the production of H,0,.3

H
[]
LD o — CLO v
i
H

The rates of reactions 2 and 3 and H;0; diffusion may all
slow the response, i.e. rise time, of the NAD(P)H sensor. At
low NADH concentration (0.1 uM) the calculated rate from
reaction 2 and inherent diffusion-controlled transport of H;0,
are limiting factors of the electrode’s kinetics. At higher
NADH concentration (100 pM) and at low PMS* concen-
trations (1.6 uM) reaction 3 limits the electrode’s response.
The calculated H;O, formation rates through reaction 3 and
experimental sensor rise times are of the same order of
magnitude.

The variation of current with concentration, and the 1 A
cm? M sensitivity, for NADH (Figure 10) and NADPH
(Figure 11) through their 1 X 10-7to 2 X 10~* M concentration
range are identical to those of H.0, (Figure 8). We infer
from the identical sensitivities and dynamic ranges that the
homogeneous two electron and proton transfer reactions
proceed either at or very cloge to unit current efficiency, i.e.
that NAD(P)H produces a stoichiometric amount of H;0,
through reactions 2 and 3. The actual mechanism of H;0,
production involves more steps than represented by equations
2and 3.

Interferences. Schmidt et al. suggested that “Reduction
of the oxygen proceeds by a complex sequence of reactions,
producing among other intermediates the superoxide radical
ion, which leads to hydrogen peroxide and this in turn is

(26) Murray, R. W. In Electroanalytical Chemistry, Bard, A. J., Ed.;
Marcel Dekker: New York; Vol. 13, pp 191-238.

(27) Albery, W. J.; Bartlett, P. N; Case, A. E. G. Phil. Trans. R. Soc.
London B 1987, 316, 107-19.

(28) Albery, W. J.; Bartlett, P. N. J. Chem. Soc., Chem. Commun.
1984, 234-6.

(29) Itoh, S.; Kinugawa, M.; Mita, N.; Ohshiro, Y. J. Chem. Soc., Chem.
Commun. 1989, 694-5.

(30) Yabuki, S.; Mizutani F.; Asai, M. Biosensors Bioelectron. 1991,
6, 311-5.

(31) Kimura, Y.; Niki, K. Anal. Sci. 1988, 1, 27

(32) Halaka, F. G Babcock, G. T.; Dye, J. L. J. Bwl ‘Chem. 1982, 257,
No. 3, 1458-61.

(33) Encyclopedia of Chemical Technology, 3rd ed.; Kirk, J. R,

, D. F., Eds.; John Wiley and Sons: New York, 1981; Vol. 13, pp

16-22.

capable of oxidizing methylene blue and so a stoichiometric
production of hydrogen peroxide is not observed”.!” The
disparity probably results from the higher dye concentrations
employed by Schmidt et al. At a high dye concentration the
rates of side reactions, particularly between the reduced dye
and H;0,, are increased. At the NAD(P)H and mediator
concentrations employed here we observe only the stoichi-
ometric reaction 7. As is evident from reaction 3, the assay

NAD(P)H+H' +0,—~NAD(P)* +H,0, (D

requires that thesolutions be aerated. A decreasein O, partial
pressure will slow reaction 3. Nevertheless, even in this case
the ultimate steady-state current will not change, because
reaction 3isirreversible. The high bimolecular rate constant
(1.8 X 102 M1 s71) for PMSH oxidation by O, usually ensures
a rapid reaction in air-exposed solutions. When the oxygen
concentration is only !/ oth of that in a well-aerated solution
(a typical value at 25 °C being 0.25 mM), the half-life of
PMSH is 154 s, assuming a pseudo-first-order reaction in
PMSH.

HRP-catalyzed reactions may cause severe interference by
anumber of interferants. H;0.-oxidized HRP may be reduced
by any of a number of hydrogen donors. Such reduction will
cause loss of catalytic current. Additionof 0.1 mM ascorbate,
a common component of biological samples, will reduce the
cathodic current by over 50%. Current will also be lost if
NAD(P)H directly reduces H,0;-oxidized HRP. This reac-
tion is actually observed in our experiments as a dip in the
current from the electrodes when NAD(P)H is initially
injected into a solution with a substantial H,O, concentration
already present. Once the NAD(P)H reacts to form H,0,
and NAD(P)*, the current recovers. The ultimate curren. ‘s
not lowered, because reactions occurring at the electrode
surface do not change the bulk solution concentrations, the
bulk H;O; concentration being reached through the homo-
geneoussolution reactions 2 and 3. Beyond organic hydrogen
donors, H,0; itself is oxidized by HRP to O; and water.3
Fortunately, the latter reaction is not fast.

CONCLUSIONS

In contrast with redox centers of flavoprotein enzymes like
glucose oxidase, that donot communicate directly with carbon
electrodes on which the enzymes are adsorbed, redox centers
of directly absorbed horseradish peroxidase do communicate
electrically with carbon electrodes.?>3% The maximum current
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density does not exceed, however, in the absence of a
diffusional mediator or of nondiffusing electron-relaying
centers, the current density associated with the turnover of
the enzyme layer directly contacting the electrode surface.
Oxidized horseradish peroxidase molecules, that are remote
from the electrode surface, do not accept electrons from
electrodes unless the electrons are relayed through redox
centers in the polymer. The current density is increased by
2 orders of magnitude when the HRP molecules hound
throughout the thick film are connected to the electrode
through its 3-dimensional electron-relaying network. The
sensitivity of the resulting amperometric H,O: sensoris 1 A
cm 2 M1 at 0.0 V (SCE), and its dynamic range is 1 X 10-7-2
x 10+ M H.0,.

Two electron plus proton transfer from NAD(P)H to
quinoids produces stoichiometric concentrations of H;0,.
With NADH and NAD(P)H stoichiometrically translated to
H:0,, their concentrations can be amperometrically assayed
at wired horseradish peroxidase cathodes poised at 0.0 V
(SCE) (Figure 12). The sensitivities and dynamic ranges of
these cathodes are identical with those of H;O; cathode, 1 A
cm2 M through the 1 X 105-10¢ M concentration range.

(48) Frew, J. E.; Harmer, M. A,; Allen, H.; Hill, O.; Libor, S. 1. J.
Electroanal. Chem. Interfacial Electrocem. 1986, 201, 1-10.

0mV
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Figure 12. Cycles of the proposed NADH (and NADPH) cathodes.
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Although the assay of these cofactors requires molecular
oxygen, the electrodes are not excessively sensitive to vari-
ations in O, partial pressure because the quinoid-catalyzed
NAD(P)H reactions with O, are irreversible.
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L-a-Glycerophosphate and L-Lactate Electrodes Based on the
Electrochemical “Wiring” of Oxidases

Ioanis Katakis and Adam Heller*

The University of Texas at Austin, Department of Chemical Engineering, Austin, Texas 78712

The titie electrodes were constructed by coimmobliizing the
respective FAD oxidases on solid electrode surfaces with a
poly(viny! pyridine) polymer which was N-derivatized with
bromoethylamine and Os(bpy),Cl,. The redox-polymer—en-
zyme hydrogels were cross-linked on the electrode surface
using poly(ethylene glycol) diglycidyl ether. As in the case
of giucose oxidase, the redox polymer acts .s an electron
relaying “wire” transferring electrons dire. . ; from the en-
zymes’ FADH, centers to the electrode. This transfer com-
petes with the natural process of reoxidation of FADH, by
molecular oxygen. The variation of the response of these
elecirodes with the atmosphere (N, or air), pH, and subsirate
concentration was determined. The pH profile of the elec-
trocatalytic current differs from that of the activity of the free
enzymes, exhibiting a broader maximum, shifted to higher pH
values. The observed sensitivities and linear ranges are re-
spectively 2 X 1072 A M-’ em2 and 2.7 mM for L-a-glycero-
phosphate, and 0.3 A M-* cm~2 and 0.2 mM tor Lactate that
may be compared to 2 X 102 A M~' cm™ and 10 mM for
glucose. The 0-80% response time for all electrodesis 1 s
or less.

INTRODUCTION

In contrast with low molecular weight polymers that dif-
fusionally mediate electron transfer from the enzymes’ active
center! to electrodes, high molecular weight polymers can
be designed to complex with redox enzyme proteins and to
nondiffusionally relay electrons from the enzyme redox centers
to electrodes. In these complexes, the oxidized redox polymers
compete efficiently with oxygen in the oxidation of sub-
strate-reduced enzyme redox centers.*® The high molecular
weight redox polymers connect the enzyme redox centers to
electrodes only when they (a) are adsorbed on the electrodes
and (b) have long nonabsorbed segments extended into the
solution that complex and penetrate enzyme proteins. These
superficially contradictory requirements are met by making
the molecular weight high enough so that even though most
segments are most of the time unsdsorbed, i.e. in solution,
there is always a sufficient number of segments adsorbed to
make their simultaneous desorption statistically improbable.
In the special case of cross-linkable enzyme-complexing
polymers, three-dimensional, enzyme-incorporating hydro-
philic networks of molecular weights greatly exceeding those
of either the constituent redox polymer or the enzyme can be
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formed on electrode surfaces.”!!

We show here that in addition to redox centers of glucose
oxidase'! also redox centers of glycerophosphate oxidase, and
lactate oxidase can be electrochemically connected to elec-
trodes through cross-linked redox polymer—enzyme hydro-
philic epoxy networks and characterize the resulting glycerol
3-phosphate and lactate electrodes.

EXPERIMENTAL SECTION

Chemicals. L-a-Glycerol phosphate oxidase (GPO) (L-a-
glycerophosphate: oxygen oxidoreductase, EC 1.1.3.21), from
Aerococcus viridans, and lactate oxidase (LOX) (L-lactate: oxygen
oxidoreductase, former EC 1.1.3.2), from Pediococcus species, were
purchased from Genencor Int (representatives of Toyo Jozo) and
were used without purification. Glucose oxidase (GOX) (p-glucose:
oxygen oxidoreductase, EC 1.1.3.4), from Aspergillus niger, and
peroxidase (Donor: H,0, oxidoreductase, EC 1.11.1.7), from
horseradish, were purchased from Sigma (Catalog Nos. G-7141
and P-8250, respectively) and were also used without purification.
L-Lactic acid and p,L-a-glycerophosphate were also purchased from
Sigma. D-Glucose was purchased from J. T. Baker. All other
chemicals (phenol, o-dianisidine, 4-aminoantipyrine) were of
reagent grade or better and were purchased either from Sigma
or Aldrich. Water used was NANOpure, and the buffer most
commonly employed was 33 mM phosphate, 0.15 M NaCl at pH
7.15 (to be referred to as STD buffer). The redox polymer (linear
PVP of approximately 50 kDa N-derivatized with Os(bpy),Cl,
and bromoethylamine as reported earlier) had an approximate
equivalent MW per osmium center of 1510 as determined by
elemental analysis and UV spectrophotometry.!! The diepoxide
used was poly(ethylene glycol) diglycidyl ether purchased from
Polysciences (Catalog No. 08210).

Electrodes. Modified electrodes were glassy-carbon disks, 3
mm in diameter (V-10 grade vitreous carbon from Atomergic).
The glassy-carbon rods were encased in Teflon cylinders with
deaerated slow-setting epoxy (Armstrong), and the Teflon cylinder
was fitted on an AFMSRX rotator (Pine Instruments).

All electrodes were treated by polishing on three grits of sand
paper and then successively on four grades of alumina (20, 5, 1,
0.3 um) with sonication and thorough washing with NANQOpure
water between grades. Background scans for every electrode were
taken at 1000, 500, and 100 mV s in STD buffer to make sure
the voltammograms were featureless. The electrodes were sub-
sequently washed and stored in a desiccator until use. The average
capacitance of the GC electrodes in STD buffer was 29 £ 5
uF/em™

The modification procedure was similar to that reported ear-
lier.!! Elecrodes were prepared either by depositing the com-
ponents sequentially and mixing on the electrode surface, or (in
the case of diffusion studies) from a common mix of enzyme,
polymer, and cross-linker when reproducibility was important.
The weight ratios of enzyme protein to nonenzymatic material
(contaminants from the enzyme isolation process) to polymer were
1:3:5 for LOX and 1.5:0.5:5 for GPO electrodes, so as to keep the
operation of the electrodes in the kinetically limited regime (see
Discussion) and/or to keep the observed current densities at
saturating substrate concentrations similar for both types of
electrodes. The mixtures contained 6% (per weight) of cross-
linker. For a typical electrode a total of about 8 ug of material
yielding a geometric surface coverage of 130 ug cm™ was applied
on the surface. The dry thickness of such electrodes was about
0.8 um as determined by profilometry and SEM. The electrodes
were left to cure in a desiccator for 24 h under reduced pressure.
Before use they were washed by incubation in STD buffer for at
least 8 h (in a 2-mL volume) under vigorous stirring. The solutions
in which the electrodes were washed were assayed for enzymatic
activity and protein content (see below). There was no effort made
to optimize the immobilization procedure or the current efficiency
or the competition with O,. Rather, the goal was to keep the
croes-linking conditions as constant and reproducible as possib/e.
Because the GPO or LOX solutions even in 10 mM HEPES vutfer
at pH 8.1 are not particularly stable, an effort was made to test
all the electrodes during the same 12-24-h period. This re-
quirement was particularly important for the enzymes (other than
glucose oxidase) that lost activity during the curing process. The

ANALYTICAL CHEMISTRY, VOL. 64, NO. 9, MAY 1, 1992 « 1009

reproducibility of the response of electrodes prepared from the
identical enzyme-polymer mixtures was £10% or better, as ev-
idenced by the scatter in both maximum current density at
saturating substrate concentration and the concentration at which
half the maximum current density was observed (“apparent K~
or “half-saturation point”}.

Electrochemistry. The electrochemical experiments were
performed with a Princeton Applied Research 173 potentiostat
and a 175 PAR universal programmer equipped with a Model 179
digital coulometer. Signals were recorded on an X-Y-Y'Kipp
Zonnen recorder. The chronoamperometric and chronopoten-
tiometric experiments, as well as cyclic voltammetry at less than
1 mV/s were performed with the help of a 273 PAR potentiostat
interfaced to an IBM PC. Unless otherwise noted, a single-
compartment water-jacketed 100-mL cell was used thermostated
at 21.8 + 0.2 °C, with an aqueous saturated calomel electrode as
reference (SCE) and all potentials are reported with respect to
this. A platinum wire encased in a heat-shrinkable sleeve with
a frit was used as the counter electrode.

Unless otherwise stated, the steady-state current was monitored
with the electrodes poised at 0.45 V, where the current no longer
varied with potential (the current plateau was reached at about
0.39 V). Concentrations of L-a-glycerophosphate were calculated
from the optical rotation of b,L-a-glycerophosphate. For the GOX
electrodes, concentrations of D-glucose are reported even though
the enzyme only catalyzes the reaction of the p-3-glucose com-
prising about 60% of the total D-glucose concentration after
mutarotation is complete.

Assays. The activity of the enzymes was determined in all
cases at 22 £ 1 °C. A series of experiments with a single enzyme
normally took about 3-4 days to complete. During this period,
the native enzyme stored dissolved in pH 8.1 10 mM HEPES
buffer was periodically assayed for loss of activity under the
storage conditions. Concentrations of enzyme solutions were
determined from the extinction coefficients of bound FAD in GOX
and GPO'%#15 (21.6 and 11.3 mM™! em™, respectively). For LOX
the manufacturer’s specification for protein content was accepted.
However, after purification of the enzyme through HPLC, it was
found that the specific activity and protein content increased
4-fold. For determining the total amount of protein, the Biorad
microassay method was used.!¢

The enzyme assays as well as the electrochemical measurements
were performed, unless otherwise stated, in STD buffer of pH
7.15. The enzyme assays involved the peroxidase-catalyzed re-
action of an oxidizable dye, o-dianisidine in the case of GOX,
4-aminoantipyrine and phenol in the case of GPO, and 4-
aminoantipyrine and N,N-dimethylaniline in the case of LOX.
Absorbances were measured at 500 nm for the first and 565 nm
for the later two, and the known extinction coefficients were used
for quantitation.!” The O.-saturated total reaction volume was
generally about 3 mL, and the dyes, substrate, and peroxidase
were present in excess. The mean specific activities of the purified
enzymes used were 24 units mg™! for GPO and 108 units mg™' mg
for LOX.

RESULTS AND DISCUSSION

Results. Figure 1 shows that lactate and glycerol 3-
phosphate, like glucose, are electrocatalytically oxidized at
electrodes coated with 3-dimensional redox polymer epoxy
networks incorporating the respective oxidases. The two
electrodes were made with different enzyme:nonenzymatic
material:polymer weight ratios, 1.5:0.5:5 for GPO and 1:3:5
for LOX, so as to make their current densities at high sub-
strate concentrations—where these no longer affect the
current—similar. The loading was 100-130 ug cm™ of the
enzyme-containing epoxy. The current densities of the re-
sulting electrodes, at high substrate concentrations, were
within about 20%. This condition, achieved experimentally
by trial and error, represents a specific set of constituent ratios.
Comparison of electrodes made with different enzymes must
be based on electrodes with similar enzyme to polymer ratios
(because the protein is an insulator and electron transport is
through the redox polymer) and also with similar current
densities, i.e. similar total enzymatic activity. Furthermore,

R T I =,
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Figure 1. Cyclic voltammograms demonstrating the catalytic nature
of the anodic currents and the “threshoid” or breakpoint in scan rate
for the appearance of reductive waves. Scans: (a) 1mV s, in STD
butter; (b) 1 mV s~ after the introduction of 10 times the half-saturation
point substrate concentration; (c) lowest scan rate value where re-
duction wave appears (GPO, 2 mV s™'; LOX, 5 mV s-'). Electrode
construction parameters: typical thickness, 130 ug cm2. All elec-
trodes had a 3-mm diameter and were rotated at the highest rotation
rate for linear E-H plots.
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Figure 2. Dependence of the current on substrate concentration. The
insert shows the fraction of the current remaining after the argon-
purged solution Is alr saturated as a function of the substrate con-
centration expressed in multiples of the apparent K, of the electrodes.
Condiions: 130 ug cm™ film thickness; STD butfer; electrodes rotated
at 3000 rpm.
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the immobilized enzyme activity should be low enough to
make the electrodes operate through the widest possible range
of substrate concentrations with the turnover of the enzyme
being rate limiting.

The voltammograms in the absence of substrate showed
20-25-mV peak to peak separation for either enzyme electrode.
The slowest scan rate at which an Os** reduction wave became
observable in the presence of substrate was 2 mV s! for GPQ
and 5 mV s! for LOX.

Figure 2 shows the current density as a function of substrate
concentration in argon and in air. Because the electrodes were
designed for equal current density and not for optimal electron
transfer via the network to the electrode, oxygen competed
effectively in the oxidation of the FADH, centers of LOX.

The pH dependence experiments were conducted in both
STD buffer and universal buffer (0.004 M each of sodium
citrate, sodium barbitural, potassium phosphate, and boric
acid), with the pH being initially at 7.15 and then changed
by the dropwise addition of 2 M HCI to about pH 4 and then
to pH 10.5 with 2 M NaOH. The electrochemistry of the
polymer in this pH range did not exhibit substantial differ-
ences. However at the extremes of the pH scale, we did
observe changes in the peak separation and the height of the
peaks, which were reversible upon pH restoration. Above pH
11, irreversible lowering of peak currents, increase in peak
separation (50-100 mV), and diffusional tailing were observed.
The changes in current between pH 4 and 10.5 were not totally
reversible in GPO and LUX electrodes but were reversible
for GOX electrodes up to pH 10.5.
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Figure 3. pH dependence of the activity of the native enzymes in
solution (¢) and of the response of the electrodes (¢). The electrodes
were rotated at 1000 rpm in argon-saturated solutions at saturating
substrate concentrations.

Figure 3 shows the pH dependence of the currents under
angerabic conditions at high substrate concentrations, where
the current does not increase upon adding substrate. In-
corporation of the enzyme in the redox epoxy network
broadens the pH domains of maximum response and shifts
these domains to higher pH. These effects are observed and
are greatest in glucose oxidase, shown for comparison. In
glucose electrodes the current remains within 20% of its
maximum over the entire pH 6.5-10.5 range, with the max-
imum being at pH 7.5-9.0. In the case of LOX, the current
i8 within 20% of its maximum over the pH 6.5-8.5 range, the
maximum being near pH 8; and in the case of GPO the flat
region is at pH 7.5-8.5, peaking at about pH 8.2. The dis-
placement of the pH maxima versus those of the free enzymes
is of 3 pH units for GOX, 1.5 units for LOX, and 0.5 units
for GPO. These differences in pH dependence will be dis-
cussed later.

Figure 4 shows the temperature dependence of the currents.
The experiments were conducted at high substrate concen-
trations under argon. The Arrhenius current plots are rea-
sonably linear through the considered temperature range, and
the apparent activation energies are 59 kJ mol? for GPO and
79 kJ mol™! for LOX electrodes.

Modified Eadie~Hofstee-type plots for the stationary
electrode, at 50 rpm rotation and at >3500 rpm, are shown
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Figure 4. Temperature dependence of the current. Conditions: ro-
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Figure 5. Eadie-Hofstee plots at varying angular velocities. Conditions:
STDzbuffor; 21.7 °C; argon-saturated solution; fiim thickness 130 ug
em3,

in Figure 5. The often reported linear dependence is observed
in the GPO electrode almost regardless of rotation speed. In
the case of the LOX electrode the linearity is observed,
however, only at high rotation speed (>4500 rpm).

The film thickness was determined by integrating the area
of the quasi-steady-state cyclic voltammogram for each
electrode and expressing the thickness as total amount of
material per square centimeter. The scan rate was 1 mV s!
for electrodes up to 130 ug cm™2 and 0.1 mV s™! for thicker
films. A second method for determining film thickness in-
volved double-step chronocoulometry, which was useful up
to 130 ug cm2, In the thinner films the results from such
determinations were within 2% of the thicknesses calculated
from the amount of polymer deposited on the film and the
data from elemental analysis and UV spectrophotometry for
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Figure 6. (a) Variation of the intercepts of the modified Eadie-Hofstee
plots with film thickness. The intercepts were caiculated from plots
similar to those in Figure 5 for each electrode. (b) Variation of the slope
of the Eadie-Hofstee plots (calculated similarly) with thickness.

the osmium content of the polymer. This indicates that almost
all the polymer remains on the surface after immobilization.
For thicker films the discrepancy increased to about 20%
because of breakdown of the applicability of the methods, and
not the loss of polymer after immobilization.

Figure 6 shows the variation of the intercepts of the mod-
ified Eadie-Hofstee plots as a function of the thickness of the
enzyme-containing redox epoxy network. The electrodes again
are designed to have similar current densities at high substrate
concentrations where a small change in concentration does
not affect the current. The GPO and LOX electrodes Ea-
die-Hofstee slopes are essentially independent of film thick-
ness, being about 2.5 mM for GPO and 0.18 mM for LOX.
The variation of the intercepts, i.e. current densities at infinite
substrate concentrations with film thickness, is linear at least
through the 0~100 ug cm2 range for LOX-containing redox
epoxy networks and at least through the 0-200 ug cm™ for
the GPO-containing ones.

GPO electrodes have a much shorter shelf life than GOX
electrodes. After 1 month storage at room temperature (~25
°C), the electrodes retained only 10% of their activity, while
GOX electrodes, after an initial loss associated with curing
of the epoxy network, were stable. When catalase was coim-
mobilized on the electrode, no substantial improvement was
observed. Though dry GPO is quite stable, we observed severe
deactivation upon storage » nH 8.1 HEPES buffer. Upon
1 month storage of the T ~trodes at room temperature
(~25 °C), no current = ned.

The response times . .. electrodes were studied by
measuring the response of the electrodes to steps in concen-
tration between 0 and 10 times the half-saturation point. The
studies were done in a 10-ml cell with the electrode rotating
at different rotation rates under a N, atmosphere. In all cases
the response times decreased with increasing electrode rotation
time, to our 4000 rpm limit, when they dropped to 1-2 s,
Thus, we were measuring the mixing time not the true re-
sponse time of the electrodes. (We define response time as
the time needed for the response to reach 90% of the satu-
ration current.)
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Table 1. GPO and LOX Electrode Characteristics

GPO LOX
half-saturation point (mM) 26+ 03 0.16 £ 0.02
current density at “K,” (sA cm™?) 45+ 0.5 60 £ 0.3

sensitivity (A M ecm?) 0.02 £ 0.002 0.3 + 0.01

half-saturation current/background 32 43
current ratio

% current loss at half-saturation in 8+1
air?

39%5

¢ Comparison between argon- and air-saturated solutions (0 and
0.2 mM [0,], respectively).

The results summarizing the performance of the “typical”
electrode as a sensor are depicted in Table L.

Discussion. In enzyme electrodes with 3-dimensional
redox polymer networks complexing, binding, and electrically
interconnecting the redox centers to electrodes, the following
processes define the observed current:

ky ky
E,+S=ES—E +P @)
ky
E, + 2R, — E, + 2R, + 2H* 2)
Dy
Rox.w + Rr,w+1 -— Rx,w + Rox,w+1 (3)
R, — R, @

Equation 1 represents in combination with eq 2 the reaction
of the enzyme with the substrate (S) by a uni uni uni uni ping
pong mechanism, accepted for GPO and GOX.'21* The ox-
idized form of the enzyme (E,,) forms the enzyme—substrate
complex (ES) having an equilibrium constant k_,/k,. The
complex dissociates with a rate constant &, into the reduced
form of the enzyme (E,) and product (P). At this stage, the
enzyme can be reoxidized by oxygen according to

E, + 0, == E,, + H,0,

Under anaerobic conditions, eq 2 describes the reoxidat.
process adequately. The reduced enzyme is subsequently
oxidized by a sequence of two one-glectron transfer steps. The
electrons are transferred to the oxidized polymer bound relays
(R,,), which are reduced with a rate constant k,. Finally,
electrons transfer through the redox polymer-enzyme network
with an overall “electron diffusion coefficient” D, according
to eq 3 which describes the succession of electron-transfer
self-exchange reactions between neighboring redox sites (w,
w + 1). D, may increase exponentially with the cube root of
concentration of redox centers, if the electron propagation is
a percolative, phonon-assisted tunneling process, or quad-
ratically (with the redox center’s concentration), if the
propagation involves chain segment collisions. The reoxidation
of the relay at the electrode surface completing the second
part of the catalytic cycle is fast.

An effort has been made to model and simulate this set of
equations and solve for the catalytic current. Saveant!® has
solved the general case for a catalytic first-order reaction on
a polymer film. Gough'®?® and others®"® have tried in the
past to apply this analysis to enzyme electrodes. No analytical
solution can be obtained for the general case even when a ping
pong mechanism is not involved. However, in order to sem-
iquantitatively interpret the results, we postulate that after
applying Aris’# analysis to the problem at hand, one can write
for the catalytic current

Wmax K./a, J

J (6)

"1+ K/Cy 1+Kuo/C,C,

where j is the curent density, 7 is an effectiveness factor,

defined as the ratio of the actual current density over the
current density that could be obtained under kinetic control,
Jmax = 2FLk;Cg,, where F is the Faraday constant, L is the
wet film thickness, and Cy, is the total enzyme concentration
in the film, K, = ky/k,, K, = (k, + k_,)/k,, a, is the partition
coefficient of the substrate in the film, C,, is the relay con-
centration in the enzyme-polymer film, and C, is the substrate
concentration in the bulk solution.

Equation 6 looks deceptively simple. This is so because our
inability to exactly describe the process has been hidden in
the effectiveness factor. Were we able to describe rigorously
the coupled processes, n would be the solution of the differ-
ential equations describing the reactions of egs 1-4. In this
case n would depend on all the parameters in eq 6, on D, and
on the diffusion coefficient of the substrate. » cannot assume
a closed-form solution unless simplifying assumptions, nega-
ting the very purpoee of mathematically describing the process,
are made. When eq 6 is plotted in the usual Eadie-Hofstee
form of j vs j/C,, the plot is rarely a straight line. Unless there
is an unusual coincidence of parameter values, a linear plot
is not obtained; i.e. n # 1 unless the current is not limited
by either substrate or electron diffusion. Such plots can be
used as a semiquantitative diagnostic test for the character-
ization of immobilized enzymes in general. % Experimentally,
one can distinguish between substrate diffusion limitations
and electron diffusion limitations by varying the electrode
rotation rate. Above some rotation rate, no external diffusion
limitation will prevail. In the absence of internal substrate
diffusion limitation and of electron diffusion limitation, the
plots become linear at sufficiently high rotation rates. At this
point, the current observed is the kinetic current (described
by eq 6 when = 1). There are additional postulates in eq
6 which will be discussed.

Effectiveness of Electrical Communication via the
3-Dimensional Network. In designing the 3-dimensional
enzyme-containing redox polymer network, we seek to transfer
electrons from the enzyme redox centers to the network and
through the network to the electrode, at rates exceeding the
maximum rate of electron transfer from the substrate to the
redox centers of the enzyme, i.e. the turnover number of the
enzyme. When the transfer of electrons from the substrate
to the network is fast enough to maintain a sufficiently high
steady-state Os?*:0s®* ratio, i.e. to make the Nernst potential
of the film reducing relative to the formal potential, only an
oxidation current is observed in slow scan rate cyclic voltam-
mograms. This oxidation current will be maintained until the
ratio 0s?*:08** decreases, because the rate of supply of
electrons to the network from the substrate through the en-
zyme cannot match the rate of oxidation of the network on
the electrode. At this point, the Nernst potential of the
network will become sufficiently positive for a reduction
current to appear at a reducing potential relative to the formal
potential of the network. This situation will arise at or above
a scan rate related to the turnover rate of the enzyme and its
relationship to the efficiency with which electrons are
transferred from the enzyme to and through the network. As
seen in Figure 1c, for GPO this rate is 2 mV 87! and for LOX
it is 5 mV s71. For glucose electrodes designed to exceed in
their enzyme activity (and current density) the LOX and GPO
electrodes, critical scan rates are of 20 mV s\. For the same
enzyme concentration in the film, the increasing critical scan
rates reflect the increasing turnover numbers for these en-
zymes and/or the increasing effectiveness of communication
via the network.

Under anaerobic conditions both the critical scan rate and
the current density reflect qualitatively the relative rates of
enzymatic turnover (process described by eq 1) and the ef-
fectiveness of communication (process described by egs 2 and




3). Under aerobic conditions, the current density and the
suppression of current relative to anaerobic conditions
qualitatively reflect the effectiveness of communication rel-
ative to the rate of electron transfer from the enzyme to O,
(process described by eq 5). As seen in Figure 2, O, competes
more effectively for reduced LOX electrons than for reduced
GPO electrons. This fact may signify a higher k; for the GPO
than for LOX and/or a higher k, for LOX than for GPO (refer
to eq 2 and 5).

pH Dependence. The pH dependence of the current in
“wired” GOX, LOX, or GPO differs from the pH dependence
of the enzyme-catalyzed oxidation of the substrates by O,; the
maxima are shifted to higher pH, and the peaks are broader.
These effects might be explained as follows: At higher pH
the polyanionic enzyme—polycationic polymer complexes are
tighter because the enzyme has a greater net negative charge
when its bases are deprotonated and its acids ionized. Because
of the tighter binding in the complex, the electron-transfer
distances are shorter and the electron-transfer rates faster.
The broadening in the pH maxima of the current densities
(Figure 3) reflects the balancing of the enhanced electron
transfer and the reduced enzyme activity with increasing pH.

A similar argument based on electrostatics accounts for the
different pH dependences when eq 2 represents the rate-lim-
iting step of the process. The Os%* relays abstract electrons
from either fully reduced (FADH,) or from the (FADH"')
radical, transiently present because of single electron transfer
to Os®*. The pK, of both of these species is between 6 and
7 in unbound FAD# and is also between 6 and 7 for GPO and
GOX!53 gnd in FMN-dependent LOX.? Thus, above pH 7
the species from which Os** accepts electrons have a negative
charge. The increased electrostatic attraction between the
donor and the acceptor at higher pH again shortens the
electron-transfer distance and increases the rate of electron
transfer. In contrast, higher pH causes a decrease in the rate
of the formation of the peroxo adduct?%3! formed upon
oxidation of the enzyme by O,.

Diffusional Effects. As discussed earlier, linearity of
Eadie-Hofstee plots is unlikely when n = 1 (eq 6). The
condition n = 1 requires, among other requirements, also that
substrate transport to the film not limit the electrode kinetics.
When substrate diffusion to the electrode does limit the
electrode kinetics, i.e. at sufficiently slow rotation rates, the
plots are nonlinear (Figure 5). When the enzyme loading is
high and/or when its turnover rate is rapid, mass transport
can limit the electrode kinetics even at high rotation rates and
the Eadie-Hofstee plots remain nonlinear even for the fastest
rotating electrodes (4500 rpm).

When linear, the intercept of the Eadie—Hofstee plots is
expected to be proportional to the amount of active enzyme
in electrical contact with the electrode. As long as the elec-
trical communication is maintained, the Eadie-Hofstee in-
tercept is expected 1o be proportional to film thickness. The
Eadie-Hofstee slopes should, however, be independent of film
thickness when the concentration of polymer and enzyme in
the film remain constant. As seen in Figure 6, the slopes are
indeed independent of film thickness and the intercepts are
proportional to film thickness in both GPO and LOX elec-
trodes. At zero film thickness, the intercepts should, however,
be nil. That this is not exactly the case reveals a small sys-
tematic error in our estimate of film thickness.

The slope of the Eadie-Hnfatee plots renrerents the ap-
parent K, of the electrodes and is near 3 mM for the GPO
and 0.2 mM for the LOX electrodes analyzed. The slopes,
i.e. the apparent K, values, can be readily varied over a wide
range by changing the enzyme:polymer ratio. Though we do
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not show this in the results, the slopes have been decreased
by 1 order of magnitude in both electrodes by increasing the
enzyme:polymer ratio. As expected, when the ratio was in-
creased, the Eadie-Hofstee plots became nonlinear even at
high electrode rotation rates. Evidently, either diffusional
substrate transport or electron diffusion in the electrically
insulating enzyme-enriched network and not the enzyme's
turnover capacity now controlied the electrode kinetics.
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Glucose oxidase is covalently bound in a film of cross-linked, redox-conducting epoxy cement on the surface of electrodes.
The binding simultaneously immobilizes the enzyme and connects it electrically with the electrode. The effects of cross-linker
concentration, film thickness, eazyme concentration, temperature, and oxygen concentration on the steady-state electrocatalytic
oxidation of glucose at the redox-epoxy enzyme electrodes are described. The catalytic “reaction layer™ extends through
the entire film, even for films as thick as ca. 5 um. The limiting catalytic current density is a function of the enzyme concentration,
reaching a maximum near 35 wt % enzyme for films about I um thick. In such films, the activation cnergy for the electrocatalytic
reaction at high glucose concentration is 63 kJ/mol, and the apparent Michaclis constant monotonically decreases with increasing
enzyme concentration and increases with increasing oxygen concentration. These results arc explained by postulating that
in such ~1 um thick redox-epoxy enzyme films the rate-limiting kinetic step at high substrate concentration is related to
clectron transfer away from the enzyme active site, a process involving flexing of the cross-linked redox chain segments.
This bottleneck may be attributed to the high activity of the enzyme and the small contact area between the redox polymer
and the enzyme-active site that is recessed inside the insulating protein shell of the enzyme.

Introduction

The development of enzyme electrodes has reached a point of
confluence with recent developments in the field of redox poly-
mer-mediated electrocatalysis. Enzymes have been immobilized
in redox polymer films to provide simple and sensitive ampero-
metncbnooenm,whnchnolongerreqmtbepmenceofmem
branes to contain the enzymes.!* Concurrently, the theoretical
and experimental characterization of discrete catalytic species
dispersed in redox polymers has progressed.® It was recognized
that some of the characteristics of redox polymers that are de-
sirable in electrocatalytic films, such as chemical inertness and
rapid electron self-exchange rates, are not necessarily compatible
with catalytic propertics that may require the adsorption of species,
the accessibility of multiple oxidation states, or the ability tc
transfer both protons and electrons. Thus, a number of groups
have envisioned the dispersion of discrete catalysts in redox
polymers to separate and independently optimize the two functions
of catalysis and charge transfer to the electrode.

We recently reported the immobilization of glucose oxidase in
cross-linked redox polymers and their application as biosensors.¢
The preceding paper in this series'® reported an improved system
for the immobilization of oxidoreductases in redox polymers and
described the electrochemical characterization of the pure redox
polymer (poly(vinylpyridine) containing complexed (bpy),OsClI
groups and partially quaternized with bromoethylamine, abbre-
viated POs-EA). This paper examines the effects of varying
cross-linker concentration, film thickness, enzyme concentration,
temperature, and oxygen concentration on the steady-state elec-
trochemical response of these glucose oxidase containing redox
polymer films. The apparent Michaelis constant and the maxi-
mum catalytic current density depend on a number of these
variables. One goal of this work is to develop an understanding
of the kinetic step(s) that limit(s) the steady-state catalytic current
in such enzyme electrodes.

Experimental Section

Chemicals. Glucose oxidase (EC 1.1.3.4) from Aspergillus niger
(Sigma, catalog no. G-8135), catalase (EC 1.11.1.6) (Sigma,
catalog no. C-100) and Na-HEPES (sodium 4-(2-hydroxy-
ethyl)-1 -plperazmeethanesulfonate) (Aldnch) were used as re-
ceived. All experiments were performed in aqueous solution
containing 100 mM NaCl and 20 mM phosphate at pH 7.1.

Electrodes. Vitreous carbon rotating-disk electrodes (3 mm
diameter) were employed for this study. Electrode films were

"Present sddress: Solar Energy Research Institute, 1617 Cole Biwd.,
Golden, CO 80401-3393.

prepared as described previously'® except that a solution of glucose
oxidase (GO) was added to the solution containing the redox
polymer, POs~EA, and the diepoxide cross-linking agent, PEG.
For example, 5 uL of a 2 mg/mL solution of GO (in 10 mM
HEPES, pH 8.2) was added to 2 mixture of 10 uL of a 4 mg/mL
solution of POs—EA (in the same buffer) and 2 ul of 2 2.3 mg/mL
soluuon of PEG (polyethylene glyool diglycidyl ether) in water.

A 2-pL portion of the resuiting mixture was applied to a vitre-
ous-carbon-disk electrode and allowed to dry and set at 37.5 °C
for 48 h. The electrodes were then rinsed in H,O for 10 min to
remove salts and unreacted species and then dried at 37.5° for
one more hour before use. The resulting films were assumed to
contain the same relative amounts of the three ts as did
the solution, i.c. in this example, 18.3 wt % GO, 8.4 wt % PEG,
and 73.3 wt % POs—-EA. Solutions with a ratio of GO/POs-EA
= | or greater tended to precipitate. Even though they were used
immediately they still resulted in less uniform electrodes than those
from the more dilute solutions. If allowed to go to completion,
such precipitation removed all color from the solution; i.c., the
precipitate contained all GO and POs-EA.

Unless otherwise noted, all experiments were carried out in 8
water-jacketed, single-compartment electrochemical cell containing
100 mL of the standard buffer solution at an electrode rotation
rate of 1000 rpm. Potentials are reported against the aqueous
saturated calomel electrode (SCE).

Results and Discussion

Glucose Oxidase Containing, Cross-Linked Redox Poly-u'
Films, GO/POs-EA/PEG. The immobilization of enzymes in
inert polymers has been a subject of extensive research.!1?

(2) Hale, P.D.; nauki.T.;Knnn.H l.Ohlnoto. .Skothcim.T A
J. Am. Chem. Soc. 1989, 111, 3482-3484,
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Figwre 1. Cyclic voltammograms of a POs—EA/GO/PEG film on a
vitreous-carbon-disk electrode. The film contains 36 wt % GO, 5 wt %
PEG, the surface coverage of osmium sites is T' = 3.2 X 107 mol/cm?.
The solid curves show two scans, at ] mV /s and 5 mV /s, in the absence
of glucose; S = 28.3 uA/cm?. The dashed curve shows a scan at S mV/s
in the presence of 50 mM glucose; S = 56.6 uA/cm?

Recently, oxidoreductases were immobilized in electrically active
polymers'~!3 to establish electrical communication with the en-
zyme-active site, while at the same time reaping the benefits of
enzyme immobilization. Relative to the earlier explored reactions,
the network-forming reaction between the poly(ethylene glycol)
diglycidyl ether (PEG) and both the pnmary amines (lysmes) on
the enzyme surface and the pendant amines on the osmium-
eontammg redox polymer (POs-EA)" is simple and gentle. The
reaction proceeds at room temperature and neutral pH. It allows
the simultaneous immobilization and electrical connection of
several enzymes, including glucose oxidase, lactate oxidase, gly-
cerol-3-phosphate oxidase, and D-amino acid oxidase. The re-
sulting enzyme electrodes retain much of the activity and the
specificity of the enzymes.'* Because the cross-linked film is
formed on the surface of the electrode, only microgram quantities
of enzyme are needed and no further purification of products (e.g.,
gel chromatography) is required. The procedure reproducibly
yields highly permeable, strongly bound, hydrophilic films that
may be viewed as enzyme-containing, redox-conducting epoxy
cements.

Electrochemical Response of GO/POs~EA/PEG Films.
Electrodes with ~1 um thick films containing two parts by weight
POs-EA to one part GO and weight percentages of PEG varying
from 1.6% to 18.5% of the total were prepared. At this film
thickness and POs-EA /GO ratio the cross-linker concentration
had no discernible effect on the electrochemical properties of the
enzyme clectrodes. The average oxidation peak potential of these
electrodes was E, = (.278 % 0.003 mV (SCE) No trend was
observed in E, with PEG concentration, in contrast with that
observed fortheenzyme-fneredmpolymer“‘ Most of the enzyme
electrodes reported hereafter contained 4-8% PEG by weight.

(12) Trevan, M. D. Immobilized Enzymes; Wiley: New York, 1980.
u(:g}l’oul&.N C.; Lowe, C. R. J. Chem. Soc., Faraday Trans. | 1986,
(14) Katakis, 1.; Gregg, B. A.; Heller, A. Unpublished results.
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Cyclic voltammograms of a typical film of GO/POs—-EA /PEG
in the standard buffer solution are shown in Figure 1. This film
contained 36 wt % GO and 5 wt % PEG, while the surface cov-
erage of clectroactive osmium centers was I' = 3.2 X 107 mol/cm’.
The voltammogram at 1 mV/s and in the absence of glucose
exhibits an almost symmetric wave (peak splitting, AE, = 10 mV)
indicative of a reversible, surface-bound couple. At ; mV/s, the
peak splitting is substantially increased (AE, = 25 mV) and a
tailing of the wave indicates the onset of a diffusional process.'’
Thus, the GO-containing films exhibit slower charge-transfer -
kinetics than the pure redox polymer films.'®

Addition of glucose (50 mM) to the buffer solution results in
its catalytic electrooxidation (dashed line, Figure {) according
to

GO-FAD + glucose — GO-FADH; + gluconolactone (1)

GO-FADH, + 2 Os(I11) — GO-FAD + 2 Os(ll) + 2 H*
)

where GO-FAD represents the oxidized form of the flavin adenine
dinucleotide bound to the active site of glucose oxidase and GO~
FADH, represents its reduced form. GO-FADH, is reoxidized
by two osmium(I11) centers of the polymer (or by two sequential
oxidations by a single osmium(I1I) center) with the corresponding
reduction of the redox polymer centers and the release of two
protons. One difference between the kinetics of such an enzyme
electrode, constructed from a cross-linked redox polymer, and
homogeneous solution kinetics is that the redox sites in the polymer
cannot diffuse. Thus, all redox sites are not equivalent: part of
the redox centers lie close enough to enzyme-active sites to permit
electron transfer from the reduced enzyme to the oxidized redox
ceater (eq 2) within a defined period. The remaining redox centers
(except those in contact with the electrode) participate only in
clectron self-exchange reactions. Thus, after transfer from the
enzyme-active site, electrons of the osmium(II) centers “diffuse” 16
through the redox polymer (eq 3) to the electrode. The oxidation

Os(I1) + Os(1I1) — Os(I1I) + Os(1l) 3)

of Os(II) centers closest to the electrode is expected to be rapid
and thus is unlikely to contribute to the observed kinetics. 7 The
overall reaction represents the two-electron oxidation of glucose
by the electrode, a process that is kinetically forbidden on an
unmodified electrode in this potential range.

Giucose Response and Apparent Michaells Constants of Exzyme
Electrodes. The steady-state glucose response curves under ni-
trogen-, air-, and oxygen-saturated conditions were measured at
1000 rpm and 0.40 V vs SCE, i.c. at a potential on the plateau
of the catalytic current response (Figure 1). Figure 2a shows the
response curves for electrodes with ~1 um thick films containing
4.2% GO by weight, a less than optimal fraction of the enzyme.
Aliquots of a 1.0 M solution of glucose in the standard buffer were
injected into the cell and the steady-state current after stabilization
(5-25 s) was recorded as a function of glucose concentration. The
electrode current, at moderate glucose concentrations, decreased
substantially in the presence of air or pure oxygen because of the
competition between the Os(I1I) centers and O, for the reduced
form of the enzyme* (eqs 2 and 4).

The glucose response curves can be ézscribed pbenommolog-
ically by the Michaelis—Menten equation, expressed here in the
Eadie—Hofstee form:4!%-2

Ju ™ Jmex = KS'U-/C.) )

(15) Murray, R. W. In Electroanalytical Chemistry, Bard, A. J., Ed.;
Marcel Dekker: New York, 1984; pp 191-368.

(16) Andrieux, C. P.; Dumas-Bouchiat, J. M.; Saveant, J. M. J. Elec-
troanal. Chem. 1”2. 131, 1-35.
. J. Phy: Chem. 1980, 84, 1336-3338.
. S L Fundamentals of Enzymology; Oxford

(19) Cmnar.J F.; Winpﬂl. B., Ir. Biochemistry 1984, 23, 2203-2210.
(20) Kamin, R. A; Wilson, G. S. Anal. Chem. 1908, 52, 1198-1205.
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Figure 2. (a) Steady-state glucose response curves under N, air, and
for an electrode with 4.2 wt % GO, 7.6 wt % PEG, and T' = 4.7 x 1
mol/cm?. The clectrode was held at 0.4 V vs SCE and rotated at 1000
rpm in aqueous buffer at pH 7.1. (b) Data from part a plotted as an
Eadie-Hofstee plot (eq 5). The negative of the slope gives the apparent
Michaelis constant of the electrode, Ky’, and the intercept gives the
limiting catalytic current density, j.,.

where j,, is the stcady-state catalytic current density, ju,, is the
maximum current density under saturating substrate conditions,
Ky’ is the apparent Michaelis constant (which is not an intrinsic
property of the enzyme, but rather of the system as a whole), and
C* is the concentration of glucose in solution. We will show below
that consistency with eq 5 does not necessarily imply that the
observed process is limited by enzyme kinetics. We employ eq
S only for a phenomenological description of the electrodes; a
detailed kinetic model of these complex systems is beyond the scope
of this work. The glucose response data (Figure 2a) were plotted
according to eq 5 (Figure 2b) giving straight lines with slopes equal
to the negative of the apparent Michaelis constants and intercepts
equal 10 Jumgy. The apparent Michaelis constants increase sub-
stantially in the order (K5')y, (18.7 mM) < (Ky'),;; (37.5 mM)
< (Ks') (64.5 mM). K¢ and Jmax Characterize the enzyme
electrode in a particular environment, not the enzyme itself. K¢’
is equal to the substrate concentration that elicits a half-maximal
response from the electrode.

Glucose Diffusion through Films. The redox epoxy without the
enzyme has an open structure that should make it highly
permeable to glucose.’® Because the permeability is not directly
measurable (glucose is not electroactive at the electrode surface),
the effect of electrode rotation rate on the catalytic current density
at several concentrations of glucose was measured and plotted as
a Levich plot (Figure 3).2! A diffusion-limited process appears
in such plots as a straight line passing through the origin with
a slope proportional to the 2/, power of the diffusion coefficient.
The absence of a rotation rate dependence in these enzyme
clectrodes indicates that the kinetic process limiting the current
is not glucose transport to the surface of the ~1 um thick film
andthltg!ucuemmtoﬂnﬁlmmrfmdounotugmﬁcandy
:’Ilm ’the concentration profile of gluoose within the electroactive
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Figure 3. Levich plot for glucose oxidation at several concentrations of
glucose for an clectrode with 15 wt % GO, 7 wt % PEG,and ' = |.]
X 107 mol/cm?. ¥V = 0.4 V vs SCE.
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Figure 4. Limiting catalytic current density as a function of surface
coverage for electrodes with 18 wt % GO and 8 wt % PEG. [Glucose)
= 200 mM; ¥ = 0.40 V vs SCE.

Thickness Depeadence of Catalytic Curreat. The increase in
limiting catalytic current density in the presence of 200 mM
glucose in a series of electrodes of increasing surface coverage of
Os(IT)/(III) centers (thickness) is shown in Figure 4. These
GO/POs~EA /PEG films contained 18 wt % GO and 8 wt % PEG;
the surface coverage of osmium centers was varied from ' = 2.1
X 10? mol/cm? to T = 1.1 X 10”7 mol/cm? by varying the amount
and concentration of film-forming solution applied to the electrode.
These data show a breakpomt between low and high surface
coverages: although the limiting catalytic current density increases
approximately linearly with thickness for the thin films, the rate
of increase is much less than that for thicker films. The reason
for the breakpoint is not clear.

Figure 4 shows that the limiting catalytic current density
continues to increase with thickness, even for very thick films.
Thus, the electroactive portion of the fi lm, the “reaction layer”,
extends through the entire film thickness.'$2  This contrasts with
the results described for the electrocatalytic oxidation of hydro-
quinone on the enzyme-free redox polymer,'® where the current
decreased with i film thickness, at least for films thicker
than ca. I' = 1.3 X 10 mol/cm?, and the reaction layer cun-
stituted only a fraction of the film thickness. In the latter case,
the limiting current density was ca. 50 times higher than that for
the enzyme-catalyzed reaction in the thickest film shown in Figure
4. These results can be put in perspective by considering the
relative density of catalytic sites in the two cases: for hydroquinone

(21) Bard, A. J.; Faulkner, L. R. Electrockemical Methods, Wiley: New
York, 1980

(22) Andricux, C. P.; Haas, O.; Saveant, J.-M. J. Am. Chem. Soc. 1906,
108, 8175-8182,
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Figwre 5. Archenius plot of catalytic density for glucose oxidation at
[glucose] = 150 mM (@) and at {glucose] = 2 mM (a) for an electrode
with 4.2 wt % GO, 7.6 wt % PEG, and T' = 4.7 % 10™® mol/cm?. Also
shown is the chronoamperometric response, D,Cp?, for an electrode
containing no GO with 9.1 wt % PEG and I = 3.7 X 10 mol/cm? (0).
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oxidation, the catalytic site is the osmium complex, while for
glucose oxidation, catalysis takes place at the enzyme-active site.
Glucose oxidase is a dimer of molecular weight 160000, or 80000
per active site,2 while the POs—EA /PEG weight is approximately
1500 per osmium complex. Thus, pure POs-EA/PEG films
contain a density of sites active for hydroquinone oxidation (os-
mium complexes) about 300 times greater than the density of sites
active for glucose oxidation (FAD centers) in the films shown in
Figure 4. Hence, it is reasonable to expect the “reaction layer”
for the enzyme-catalyzed reaction to be much larger, and the
current densities smaller, than for the osmium complex catalyzed
reaction. The relative rate constants for the two oxidations may
also contribute to the relative current densities.

Activation Energles for Electrocatalytic Glucose Oxidation. The
change in steady-state electrocatalytic oxidation current with
temperature at two concentrations of glucose is shown in Figure
5 as an Arrhenius plot. Also plotted is the temperature dependence
of D,, the “diffusion coefficient” for electrons, for an enzyme-free
film of about the same PEG concentration as the enzyme electrode
(data taken from ref 10). A ~1 um thick GO/POs-EA/PEG
electrode containing a low concentration of GO (4.2 wt %) was
selected for this study to minimize possible enzyme-enzyme in-
teractions. The experiment was carried out under nitrogen where
the apparent Michaelis constant of this electrode is 18.7 mM.
Thus, the higher concentration of glucose (150 mM = 8 K')
employed is well into the limiting current region for this electrode,
i.e. where the overall electrode reaction is zero order in glucose.
The lower concentration of glucose (2 mM = 0.1 Kg") corresponds
to the “linear™ range of the electrode where the overall electrode
reaction is first order in glucose.

The activation energy for the electrocatalytic current, E,, =
62 kJ/mol, at high glucose concentration is practically identical
with that for charge transfer through the redox polymer. (The
average for four electrodes was E, = 60 % 2 kJ/mol.)"® For
comparison, the activation energy of glucose oxidase itself is
reported to be approximately 14 kJ/mol. 435 At low glucose
concentration, the Arrhenius plot is distinctly curved. It is possible
to fit the low concentration result to two activation energies, £,
=~ 66 kJ/mol below room temperature and E,, = 33 kJ/mol above
room temperature, aithough this procedure is necessarily inexact.
This difference between the low and high glucose regimes has been
observed for all thick (>1 um) film electrodes thus examined. It
appears that two separate rate-limiting processes are in balance

(23) Tsuge, H.; Natsuaki, O.; Ohashi, K. J. Biochem. 1975, 78, 835-843.
(24) Carvaibo, L. B. J.; Melo, E. H. M.; Vaconcelos, A. R. A.; Lira, R.
. Blol. Technol. 1986, 29, 525-31.

R.
(25) Ko, J. H.; Byun, S. M. Taekan Hwahkakhoe Chi 1979, 23, 165-74.
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Figure 6. Limiting catalytic current density, j.., 8 a function of wt %
of glucose oxidase, GO, in the film. The total weight of the film com-
ponents applied to each electrode was approximately 100 ug/cm?. The
data are from two series of experiments with different batches of GO:
Jmas for the first series (D) is given on the right axis, for the second series
(0) on the left. The curve is an aid to the cye.

at low glucose concentrations. The process that limits the low-
glucose-concentration current at higher temperatures is distinct
from the process that limits the current at high glucose concen-
tration and the process that limits electron diffusion. Thin (<0.1
um) cross-linked or noncross-linked POs~EA films with adsorbed
or bound GO show an activation energy for the electrocatalytic
current of ca. 33 kJ/mol, independent of glucose concentration.?
These data support, but do not prove, the hypothesis that the
rate-determining step at high glucose concentration for the ~1
um thick cross-linked enzyme electrodes is related to electron
diffusion through and/or to the redox polymer. An example of
such a rate-controlling step might be chain flexing that causes
two redox centers to approach each other sufficiently for the
electron to be transferred. At low glucose concentration, or for
the thin, adsorbed films, the rate-determining step is different.

Catalytic Curreat and Apparent Michaelis Constant as a
Function of Enzyme Loading. Glucose response curves were
measured for two series of GO/POs~EA /PEG electrodes con-
taining concentrations of GO varying from 0.9% to 71% by weight.
The total weight of the three components applied to the electrode
surface was kept approximately constant at about 100 ug/cm?
(i.c., if the density is assumed to be 1 gm/cm?, these films are
about 1 um thick). The limiting current densities under nitrogen,
obtained from the intercepts of Eadie-Hofstee plots, are plotted
against the wt % of GO in the film in Figure 6. The data are
from two series of experiments that employed different batches
of GO, the first of which produced current densities about 3 times
higher than the second. Since we are interested primarily in the
variation of je, With % GO, the two series are plotted together
in Figure 6 with the axis for the first series 3.3 times that for the
second series. Although there is substantial scatter in the data,
the trend is clear; ju,, increases at first with increasing concen-
tration of enzyme, peaks at around 35% GO, and then decreases
at higher concentration.

The apparent Michaelis constants under nitrogen of the two
sets of electrodes decreased monotonically with increasing con-
centration of GO (Figure 7, two lower curves). The K’ for the
first set of electrodes were consistently higher than those of the
second, as were the jo,,. The K’ of the second set of electrodes
under air and O, (two upper curves, Figure 7) were markedly
higher than the X' under N, and also exhibited an overall decline
with increasing concentration of GO.

Kinetic Limitations of Enzyme/Redox Polymer Flims. In the
absence of a detailed kinetic model for such enzyme electrodes,
our discussion of these results must necessarily be somewhat
speculative. The results shown in Figures 2, 3, and 5-7 can be

(26) Pishko, M. V.; Heller, A. Unpublished results.
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Figwre 7. The apparent Michaelis constant, Ky’, as a function of wt %
glucose oxidase in the film under N, air, and O,. The clectrodes are the
same as in Figure 6. Both the first (O) and second (0) serics were tested
under N,; only the second series was tested under air (O) and O, (+).
The curves arc only aids to the eye.

explained by assuming that j,, is limited by clectron “diffusion”
through the polymer film and that this limitation becomes more
severe at higher enzyme concentration. Thus, the activation energy
for electrocatalytic oxidation of glucose at high glucose concen-
tration (Figure 5) is identical with that for electron “diffusion”
through the pure redox polymer film.!® Since O, competes with
the redox polymer film for electrons (eqs 2 and 4), a greater
concentration of substrate is required to reach the half-maximal
catalytic current density in the presence of O, relative to Ny; i.c.,
the apparent Michaelis constants increase with oxygen concen-
tration (Figures 2 and 7). If the limitation becomes more severe
at higher enzyme concentration, the increase in j,,, is expected
to be at first sublinear, and may eventually decrease, with in-
creasing enzyme concentration (Figure 6). As the catalytic current
per enzyme decreases with increasing enzyme concentration, the
glucose concentration required to reach half-maximal current per
enzyme also decreases, thus Ky’ decreases monotonically with
increasing enzyme concentration (Figure 7). And finally, Figure
3 is also consistent with a catalytic current limitation caused by
electron “diffusion™ through the film.

Figure 4, however, shows plainly that the catalytic current
density (at least for films of GO < ca. 20 wt %) is not limited
by electron “diffusion” through the bulk film, even for films many
times thicker than those shown in Figures 6 and 7. Such a
limitation would result in decreasing catalytic current density with
increasing thickness.'é?’2 We suggest that one possible expia-

(27) Andrieux, C. P.; Dumas-Bouchiat, J. M.; Saveant, J. M. J. Elec-
troanal. Chem. 1900, 114, 159-163.
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nation of these results is that j,,, may be limited by electron
“diffusion™ away from the enzyme-active site, rather than by
electron “diffusion”™ through the bulk polymer. Enzyme-active
sites are, to some extent, buried inside an insulating protein coating
(otherwise they would be directly accessible to planar electrodes
and other enzyme-active sites);3332 thus, the electrical contact
arca between the redox polymer and the active site may be quite
small. Furthermore, glucose oxidase is a highly active enzyme
eapable of gtoducmg larger catalytic currents than most oxido-

Thus, we suggest that the “spreading diffusion” of
electrons away from what is cssentially a point current source
during intermittent contact, rather than the bulk “diffusion” of
clectrons through the polymer film, may be the factor limiting
Jmax in these enzyme electrodes.

The rate at which electrons “diffuse” away from the enzyme-
active site depends upon the local Os(IT)/Os(III) concentration
gradient. An increase in enzyme concentration will lead to a
decrease in steady-state Os(111) concentration as more FADH,
centers come into transient contact with the redox polymer. The
resulting decrease in the Os(1I)/Os(I11) concentration gradient
will decrease the rate at which electrons “diffuse™ away from the
enzyme-active sites and thus should lead to a sublinear increase
in electrocatalytic current (Figure 6) and a corresponding decrease
in the apparent Michaelis constant (Figure 7) with increasing
concentration of enzyme. At very high enzyme concentration the
decrease in bulk conductivity caused by the presence of the in-
sulating enzyme in the conducting polymer phase may become
the primary limitation to the catalytic current.3->

Conclusions

Glucose oxidase has been simultaneously immobilized on, and
clectrically connected to, electrodes by binding in an ~1 um thick
cross-linked, redox-conducung epoxy cement. The maximum
steady-state current in these modified electrodes is apparently
limited by redox polymer kinetics rather than byenzymehnetlcl
The most likely source for the kinetic limitation is an clectron-
transfer process, involving redox polymer chain flexing, that en-
ables the transport of electrons away from the active site of the
enzyme. The catalytic current is not limited by diffusion of cither
electrons or glucose through the bulk of the film; the “reaction
layer™ extends through the entire film thickness. Control of the
limiting current density and the apparent Michaclis constant, i.c.
the sensitivity and the dynamic range, of the enzyme clectrode
is possible by adjusting the concentration of enzyme in the films.
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Amperometric Glucose Microelectrodes Prepared through
Immobilization of Glucose Oxidase in Redox Hydrogels

Michasl V. Pishko, Adrian C. Michasel,! and Adam Heller*

Chemical Engineering Department, University of Texas at Austin, Austin, Texas 78712

Glucose microsiectredes have been formed with glucoee ox-
idese immobilized in poly{(vinyipyridine )Os(bipyridine),Cl)
derivalive-based redox hydrogels on beveled carbon-fiber
microdisk (7 um diameter) electrodes. In the resulling mi-
oroslectrode, the glucoee electrooxidation cur-
rent density Is 0.3 mA o and the senallivity is 20 mA cm™?
M. The cusrent density and sensitivity are 10 times higher
than in macrosiecirodes made with the same hydrogel.
Furthermore, the curvent is iess affecied by a changs In the
pertial presewre of oxygen. The higher current densily snd
fower oxygen seneitivity point to the efficient collection of
electrons through thelr difusion in the redox hydrogel to the
elecirode surtace. These resulls conirast with those cbeerved
for enzyme elecirodes based on diffusing mediators, where
loss of the enzyme-reduced mediator by radial diffusion to the
solution decressss the current densities of microslectrodes
reistive o similar macroeiecirodes.

‘T whom should be addressed.
t address: Department of Chemistry, University of
Pmobunh Pittshurgh, PA 15260.

INTRODUCTION

Among the enzyme-based electrochemical biosensors (1)
for the determination of clinical and industrial analytes, the
most widely used and studied are thoee for glucose. Because
glucose oxidase transfers electrons to diffusing and nondif-
fusing mediators, withstands chemical immobilization tech-
niques, and has a high turnover rate (~10° s7}) at ambient
temperature, this enzyme is cominonly used in glucose sensors.
Miniaturization of glucose sensors is relevant both to the
measurement of glucose in amall volumes and in vivo, and size
is important in monitoring the dynamics of local chemical
events in specific regions of an organ. Sensor miniaturization
has allowed in vivo measurements of neurotransmitter release
from dopaminergic neurons in mammalian brain tissue with
microvoltammetric electrodes (5). In addition, microsensors
with dimensions smaller than their substrate diffusion layer
rapidly attain steady-state conditions via radial mass trans-
port, allowing the use of signal-averaging techniques. Glucose
microsensors have been made by using glucose oxidase im-
mobilized on microcylinders, microdisks, and microplanar
surfaces (6-17). These microsensors measure either the change
in oxygen partial pressure (16), the concentration of evolved

0003-2700/91/0363-2268802.50/0 © 1961 American Chemical Society
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Figure 1. Structure of the poly{{vinyipyridine)Os(bpy),CP*">*] /poly-
amine used to from the hydrogel redox epoxy.

H,0, (7-13), the pH change resulting from the hydrolysis of
gluconolactone to gluconic acid (14), or the reoxidation of a
amall diffusing electron shuttle other than O, (6, 15, 17).

Recently, the immobilization of glucose oxidase in redox
hydrogels has been reported (18-20). Macroelectrodes made
with glucose oxidase immobilized in these redox hydrogels
show a typical current density of 50 uA /cm? at 5 mM glucose,
have good mechanical properties, and are stable when stored.
This pape: examines the current densities and sensitivities
that are reached in enzyme-containing redox hydrogels in the
absence of solution mass transport limitations and radial
charge diffusion through the enzyme-redox hydrogel network
on microelectrodes. The roughly disk-shaped microeiectrodes
consist of beveled carbon-fiber tips of 7 um diameter em-
bedded in an insulation material, the overall diameter being
less than 20 um. The microelectrodes are coated with glucose
oxidase immobilized in a redox epoxy formed from three
components, (a) poly(vinylpyridine)-contaicing Os(bi-
pyridine),Cl, partially quaternized with bromoethylamine
(POs-EA), (b) glucose oxidase, an enzyme with 15 lysine
residues (21), and (c) polyethylene glycol diglycidyl ether, a
cross-linking agent that reacts with primary amines on both
the redox polymer and the enzyme lysine residues.

We find that the redox epoxy hydroge!l based glucose mi-
croelectrodes exhibit high steady-state current densities (0.3
mA cm?) and sensitivity (20 mA cm™? M™?) at 5 mM glucose,
10%-950% response times of <5 s, and an approximately linear
glucose concentration dependence up to 6 mM. Compared
to macroelectrodes with a similar redox epcxy hydrogel
coating, the microslectrodes show a 10-fold in-reas: in current
density, improved signal to noise ratios, lower glucose detection
limits, significantly reduced sensitivity to oxygen, and rapid
response to changes in glucose concentration. We attribute
these to radial charge transport through the redox network
to the microelectrode surface.

EXPERIMENTAL SECTION

Reagents. Glucose oxidass [EC 1.1.3.4] (Type X, 128 units/mg
solid) from Aspergillus niger (Sigmma Chemical Co.), and (poly-
ethylene glycol, MW 400) diglycidyl ether (Polyaciences) were used
as received. The redox polymer (19) shown in Figure 1 was
synthesized as previously reported.

Apparatus. An EG&G Princston Applied Research 273 po-
tentiostat/galvancstat was used for cyclic voltammetry and
constant-potential experiments. For the microslectrode exper-
imenta, the currents were preamplified by using & Keithley Model
427 current amplifier or a Keithley Model 617 electrometer prior
t0 A/D conversion via the auxiliary input of the potentiostat. An
IBM PS/2 Model 80 computer with software developed in house
was used for controlling the potenticstat and for data acquisition.
All experiments were performed in a Faraday cage. A conventional
three-electrode system was used with a Pt-wire counter electrode
and a saturaved calomel electrode (SCE) as the reference. Vitreous
carbon-disk electrodes (3 mm diameter) made by using V-10
vitreous carbon rods (Atomergic Chemetals) were polished on
slumina powder suspensions (Bushler) decreasing in particle size
from 5 to 0.05 um.

Figwe 2. Photograph of a beveled carbon-flber microsiectrode
modified with the enzyme-containing redox hydrogel.

A flow cell similar to one described in the literature (22) and
a rotary injection valve (Beckman) were used for flow injection
analysis. The microelectrode was inserted by using a microma-
nipulator into a 0.75-mm channel located approximately 2 cm from
the injection valve. The reference (SCE) and counter (Pt)
electrodes were placed approximately 1 cm downstream from the
working electrode.

Microelectrode Fabrication. Beveled carbon-fiber microe-
lectrodes were fabricated in a manner similar to the fabrication
of electrodes for the in vivo study of neurotransmitters (5). A
7-um carbon fiber (Thorneil 300, Union Carbide) was inserted
into a 2 mm o.d. Pyrex glass tube. The tube was pulled on a
micropipet puller (Narishige Model PB-7) to yield a glass tip of
approximately 20 um o.d. The giass tip was then filled by capillary
rise of a low viscosity epoxy (Spurr, Polysciences) and cured at
70 *C for 2 days. The tip was then polished at an angle of 45°
with a micropipet beveler (Model BV-10, Sutter Instrument Co.)
on an extra-fine diamond abrasive plate to produce an elliptical
carbon disk. Electrical contact was established with the carbon
fiber by filling the top of the tube with mercury and inserting
a stainless steel wire. Similar electrodes have also been made with
Pt and Au microwires.

The glucose microelectrode was formed by filling a micropipet
with approximately 1 sL of the premized aqueous solutions of
the redox polymer, enzyme, and cross-linker (mass ratio of 1:1:0.4).
With gentle air pressure the liquid was ejected from the pipet
and allowed to form a droplet on the outer surface of the pipet.
Becsuse surface tension caused the droplet to travel several
millimeters up the pipet, tranafer of the droplet to the microe-
lectrode required contact of the microslectrode with the droplet,
while the pipet was used to hold the droplet in place until
evaporation of & sufficient amount of water made the droplet too
viscous to move. This procedure allowed visibie layers of the gel
to be attached to the tops of the microelectrodes. Qualitatively
thick- or thin-film electrodes were produced by concentrating or
diluting the mixture. Thick-film electrodes typically were coated
with approximataly 1.43 ug of redox polvmer, 0.36 units of ghucose
oxidase, and 0.5 ag of cross-linker. ‘I'he “thinnest™ thin-film
electrodes were coated with approximately 0.14 ug of redox
polymer, 0.04 units of glacose oxidase, and 0.05 ug of croms-linker.
After the mixture dropiet dried, the residusl film was cured at
ambient tampersture in air for 8 minimum of 2 days. Microscopic
ezamination of the microelectrode tips revealed that the film is
depoasited not only on the beveled tip but aiso on the glass, to
a distance of 10~15 um away from the tip, as seen on the upper
portion of the microelectrode of Figure 2.

RESULTS AND DISCUSSION

Electrochemical Response of Glucose Oxidase Con-
taining Redox Hydrogels on Beveled Carbon-Fiber Mi-
croelectrodes. Figure 3a (curve 1) shows a cyclic voltam-
mogram for a thick-film glucose microelectrode in the absence
of giucose. The thick-film electrodes exhibit rapid and re-
versible electron transfer, as indicated by the small difference
between the peaks of the reduction and oxidation waves, AE,
(<60 mV). The redox centers are attached to the polymer
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Figure 3. (a) Cyciic voltammograms of a thick-film giucose microe-
lectrode in 0.15 M NaCl, 1 mM NaH,PO,, pH 7.4, under N,, scan rate
§ mV/s: (1) no glucose; (2) 5 mM glucose. (b) Cyclic vokammogram
of a redox hydrogel-modified slectrode on a 3-mm vitreous carbon disk
(macroelectrode), scan rate 5 mv/s, 0.15 M NaCl, 1 mM NaH,PO,,
pH 7.4, under N,

chains and are immobile on a macroecopic scale; thus the
current is associated with electron self-exchange between redox
centers of different oxidation states. Electron transfer within
the film obeys relationships very similar to those for molecular
diffusion (23), hence the voltammogram in Figure 3a (curve
1) resembles that for a diffusion-controlled process at a mi-
croelectrode, revealing the contribution of radial electron
transport through the gel to the microelectrode surface. The
voltammogram shape approaches that of a steady-state
voltammogram, as shown by the small degree of diffusion/
peaks. The nonzero current observed at the switching po-
tential (0.5 V) at 5 mV /s sweep rate shows that the film is
not completely oxidized at this sweep rate. The near-
steady-state current at 0.5 V also shows that the dimension
of the electron diffusion layer is greater than the dimension
of the microelectrode; i.e. the hydrogel behaves as a semi-
infinite solvent volume. The radial electron diffusion through
the hydrogel results in an increased flux of electrons to the
microslectrode surface. The photograph in Figure 2 shows
that the gel thickness and the fiber radius are of similar
dimension, suggesting that the redox polymer located on the
axial surface of the capillary contributes to the current. Such
behavior is not observed at macroelectrodes (3 mm diameter
vitreous carbon disk) with similar chemistry and surface
coverage, as shown by the voltammogram in Figure 3b, which
reveals typical thin-layer behavior. Rapid charge transfer and
near-steady-state were oarlier seen by Murray
et al. in the voltammetry of poly|Os(bpy)s(vpy)s]?* films
containing entrapped polyethylene oxide and of mediators
entranped in films of polyethylene oxide on microelectrodes
(24-28).

Figure 3a (curve 2) is the voltammogram obtained in the
presence of 5 mM glucose, showing ° e catalytic oxidation of
glucose. The current density under cyclic voltammetry con-
ditions in thick-film electrodes at 5 mM glucoss concentration
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Figure 4. Glucose concentration dependence of the catalytic current
for a thin-fim giucose microsiectrode. Curvents determined by cyciic

voltammetry from 0.1 to 0.4 V(SCE) in 0.15 M NaCl. 1 mM NaH,PO,,
pH 7.4, under N,, scan rate § mV/s.

are 0.5 mA cm? and 0.3 mA cm™ at steady state, a 10-fold
increase in current density relative to macroelectrodes with
similar surface coverages. Glucose microelectrodes fabricated
with thin films also show a current density (50 xA cm™®) higher
than that of similar macroelectrodes. Radial mass transport
of glucoee to the hydrogel is unlikely to be the cause of the
enhanced current density given the observed independence
of current density on rotation rate for macroelectrodes mod-
ified with the redox hydrogel and enzyme (19). The elevated
current density is surprising considering that the microelec-
trode cannot oxidize or reduce the entire redox hydrogel at
a 5 mV/s sweep rate, because of the distances invoived in
diffusion to the periphery of the gel. This implies that the
redox hydrogel communicates poorly with enzyme molecules
immobilized far from the electrode surface. However, the
higher current density indicates improved communication as
compared to macroelectrodes and can be attributed to the
increased flux of electrons via radial diffusion through the
hydrogel to the electrode surface from enzyme molecules im-
mobilized close to the electrode surface.

Carbon-fiber microelectrodes of similar dimensions were
found to have poor sensitivity to homogeneous catalytic re-
actions (27). Because of the radial diffusion associated with
electrodes of this size, diffusing electroactive products (e.g.
H,0, or ferrocene derivatives) generated by the catalytic
oxidation of glucoee by glucose oxidase will rapidly diffuse
away from the microelectrode surface, as was observed by Hill
et al. (6), even if the enzyme is well bound to the electrode
surface. However, because the redox hydrogel is a nondiffusing
collector of the enzyme-generated current, the current density
increases under radial diffusion conditions.

Because an increase in current density upon miniaturization
does not imply improvements in sensitivity or detection Limits,
the sensitivity and signal to noise ratios at various glucose
concentrations were investigated. The glucose concentration
dependence of the catalytic current, as determined by cyclic
voltammetry for a thin-film glucose microelectrode, is shown
in Figure 4. The eloctrode response is approximately linear
to 6 mM glucose. The sensitivity is approximately 20 1A cm™?
M-! below 6 mM and 6.3 mA cm~? M™! above 10 mM. The
signal to noise ratio (S/N) is 550 at 5 mM glucose and 15 at
50 uM glucose. Similar results were obtained for thick-film
glucose microelectrodes. Macroelectrodes of similar surface
coverage show a sensitivity of 3.2 mA cm™? M™! below 6 mM
and 0.7 mA cm™ M above 10 mM. S/N is 100 at 5 mM
glucose, with S/N dropping to 10 at 50 xM. Miniaturization
does result in an increase in sensitivity and improved signal
to noise ratios.
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Fgwe 5. Time-dependent respones of & thin-flim giucose microe-
lectode 10 an increase in giucoss from 0 to § MM in (a) anserobic (N,
purged) and (b) aerated solstions as determined by flow injection
analysis. Conditions: appiied potential, 0.4 V vs SCE; 0.15 M NaCl,
1 mM NaH PO, pH 7.4; flow rate, 1 cm/s; 1-mL sample loop. The
point of injection is indicated by the arrow. The time necessary tor
the giucose bolus 10 reach the siectrode is ~2.5 s. The background
current (10 pA) was subtracted from the currents shown.

The time response in a flow injection system of a thin-film
glucose microelectrode to an increase in glucose concentration
from 0 to 5 mM under anaerobic and fully aerated conditions
in shown in Figure 5. The t;9gg0n response time under both
conditions is approximately 5 s. only slightly higher than the
response time for a surface-adsorbed redox polymer/enzyme
complex (28, 29), indicating that the redox hydrogels are
nevertheless highly permeable and have fast electrochemis-
tries. The decay time for a concentration change from 5 to
0 mM is approximately 8 s.

Oxygen and Temperature Sensitivity. For in vitro
glucose concentration measurements, partxcululy for thn
control of blood glucose levels in diabetics, it is desirable ths
the electrode be insensitive to changes in dissolved oxygen
concentration and to changes in temperature. Variations in
catalytic current with pO, result from the competition between
the redox polymer (I) and oxygen (II) in the glucose oxidase
catalyzed oxidation of glucose.

(I} g-p-glucose + PVP(Os(bpy),CP**] —
gluconolactone + PVP{Os(bpy),CI**]

(Il B-p-glucose + O, — gluconolactone + H;0,

Oxygen sensitivity can be a problem in glucose sensors besed
on sensing either hydrogen peroxide or oxygen. To reduce
the oxygen sensitivity, c2-alase has been used to recycle O,
from H O, and sensor des:gns have been employed that allow
0, to diffuss to the electrode surface axially and radially while
glucose can diffuse only axially, resulting in an excess of O,
compared to glucose at the electrode (30, 37). Electrodes based
on fast electron acceptors, such as ferrocenium derivatives,
show less Oy sensitivity, but the natural enzymatic reaction
with O, still competes with the mediated reaction, leading to
some O, sensitivity. In the thin-film giucose microelectrode,
this sensitivity is small. A change in oxygen concentration
from desersted to completely aerated solutions (~280 uM O,)
produces only a 2% change in the current at 5 mM glucose
(Figure 5). The low oxygen sensitivity shows that the oxi-
dation of the FADH, centers of glucose oxidsse by the Os-
(bpy){CH* centers of the redox hydrogel followed by radial
charge transport through the redox hydrogel to the electrode
is sufficiently fast to effectively compete with reaction Il

The tamperature dependence of the current is characterized
by the activation energy of the rate-limiting step in the cat-
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Figwe §. Temperature dependance of the catalytic current as de-

termined by cyciic voitammetry in 5§ mM glucose in a thermostated cel.

Conditions: electrolyte, 0.15 M NaCl; 1 mM NaH,PO,, pH 7.4; under

N,; scan rate, 5 mV/s.

alytic electrooxidation of glucose. The temperature depen-
dence of the current was measured in a thermostated cell over
a temperature range between 2 and 40 °C (Figure 6). The
activation energy for the rate-determining step was determined
to be ~35 kJ/mol (as calculated from a linear plot of In
(i/nFA) versus 1/T). Near room temperature, the change in
the catalytic current at 5 mM glucose is of approximately
5% /°C in thin-film electrodes, indicating that accurate giucose
concentration measurements require either measurement and
compensation for changes in the environmental temperature
or a change in the chemical design of the sensor, 0 as to lower
the activation energy by changing the rate-determining step.
CONCLUSIONS

Unlike in diffusionally mediated glucose electrodes, where
miniaturization may lead to loes in current density because
of loss of enzyme-reduced mediator by radial diffusion, the
current density is increased upon miniaturization of electrodes
where t.heenzymeiulec&ieallyeonnectedtotbomicroehc-
trode via a nondiffusing redox hydrogel. Thus, glucose oxidase
immobilized in poly[(vmylpyndme)Oo(bnpyndmo),Cll-eon-
taining redox hydrogels, glucose es with current
densities and sensitivities 10-fold higher than similar ma-
croelectrodes, have been fabricated on beveled carbon-fiber
microelectrodes. The increase in current density, sensitivity,
signal to noise ratio, and lower oxygen sensitivity are attributed
to the radial diffusion of electrons through the redox hydrogel.
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Hydrogen peroxide sensing microelectrodes for
scanning electrochemical microscopy (SECM)
have been developed and used to measure hydrogen
peroxide in the diffusion layer during electro-
chemical reduction of oxygen on goid and carbon
electrodes. These microelectrode biosensors were
also used to detect immobilized glucose oxidase
through the production of hydrogen peroxide
during enzymatic oxidation of glucose. Images of
hydrogen peroxide concentration profiles near a
platinum microdisk during catalytic decomposi-
tion of peroxide and in the diffusion layer of a
carbon-platinum composite electrode during ox-
ygen reduction are presented. The factors limiting
the spatial resolution (tens of micrometers) and
potential applications of the technique are dis-
cussed.

INTRODUCTION

In scanning electrochemical microscopy (SECM), an ul-
tramicroelectrode (UME) tip is scanned over the surface of
asample. Topographic and chemical information about the
surface and electrochemical processes in the diffusion layer
can be obtained from the faradaic current at the UME.!-
Commonly, a reversible redox mediator is used and the UME
is poised at a potential where the reaction at the tip is diffusion
controlled. Atsuch a potential, the tip current is determined
by the rate of mass transfer to the tip, which is a known
function of the tip-to-sample separation.* The current
decreases near an insulating surface and increases near a
conductor. Insulators. conductors, and samples containing
both insulating and conducting regions have been imaged.>¢
Chemical information about the surface can be obtained by

* Author to whom correspondence should be addressed.
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an appropriate choice of mediator. Thus, when the kinetica
of regeneration of the mediator at a particular site are slow,
the distribution of the slow sites can be mapped.’® Although
many chemical systems can be investigated in this way (metals,
polymers, semiconductors, oxides, immobilized enzymes),23
the scope of the technique is limited to systems that can be
probed by redox mediators. Thus these SECM techniques,
like voltammetric methods, have a limited degree of chemical
selectivity. Several laboratories have developed potentio-
metric UME for use in SECM?!? and localized measurements
of corrosion.!!i?2 Potentiometric microelectrodes are aiso
widely used in biology for intracellular measurements of ion
concentrations.!* The use of potentiometry in SECM should
allow the monitoring of local pH and halide and alkali metai
ion concentrations. In this paper, we show that the scanning
tip can be made selective by “electrically wiring” an enzyme
to the UME via a cross-linked redox polymer to produce an
electrochemical biosensor.

Many different designs for enzvme UMEs have been
reported. including physical entrapment on platinum,i+'¢
conducting organic saits,!’ covalent a:tachment using biotin—
avidin,'*¥ and immobilization in cross-linked redox poly-
mers.?? The SECM tips were made by electrically wiring
horseradish peroxidase to a carbon electrode via a cross-linked
redox polymer (shown in Figure 1).212 The redox polymer

(7) Wipf, D. O.; Bard, A. J. J. Electrochem. Soc. 1991, 138, LA.

(8) Engatrom. R. C.; Small. B.; Kattan, L. Anal. Chem, 1992, 64, 241.
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Figure 1. Structure of the oamium redox polymer (1) used in the
preparation of the hydrogen peroxide biosensors.

provides an electron diffusion path from the carbon electrode
to the reaction center of the enzyme. A cathodic current
flows when hydrogen peroxide is reduced to water by the
enzyme, the oxidized enzyme is reduced by Os?* centers of
the polymer, and the resulting Os* sites are electroreduced
through electron transport via the polymer from the electrode.
The advantages of this type of biosensor include high current
density and insensitivity to oxygen concentration.® We chose
a hydrogen peroxide sensing tip because hydrogen peroxide
is frequently produced in enzymatic and electrochemiai
systems through the reduction of oxygen.

The reduction of oxygen on metals has been extensively
studied because of its importance as the cathode reaction in
fuel cells.>2¢ In protic solvents, the final reduction product
can be water or hydrogen peroxide, depending on the electrode
material. For an efficient fuel cell, it is desirable that oxygen
is reduced directly to water in a four-electron reaction at low
overpotential rather than in the two-electron reaction to
hydrogen peroxide, and a great deal of effort has been put
into designing electrocatalysts to achieve this.*-% The
activity of these electrodes and the relative contribution of
the two-electron and four-electron paths is often examined
by rotating ring—disk electrode (RRDE) techniques.?’ In this
approach, the disk is fabricated from the catalyst of interest,
and a platinum ring is used to detect hydrogen peroxide by
amperometric oxidation. Because the reduction of hydrogen
peroxide is very sensitive to the cleanliness of the surface, 24
H;0; is detected at a platinum ring held at a high positive
potential, e.g., +1.0V, sufficient to oxidize hydrogen peroxide.
However, a hydrogen peroxide biosensor is much more
selective than a platinum electrode held at +1.0 V and
therefore should be applicable to systems where the presence
of other electroactive compounds would prevent the use of
platinum electrodes.

Hydrogen peroxide is also a byproduct of the reactions of
many enzymatic oxidations where the oxidized form of the
enzyme is regenerated by reaction of the reduced enzyme
with oxygen.?? Although immobilized oxidoreductases have
been studied successfully by SECM with simple redox

(22) Heller, A. J. Phys. Chem. 1992, 96, 3579.

(23) Hoars,J.P. InEneydopcdwof Electrochemistry of the Elements;
Bard, A. J., Ed.; Marcel Dekker: New York, 1974; Vol. II, pp 305-337.

(24) Yeager, E. Electrochim. Acta l!“ 29 1527

(25) Karaman, R.; Jeon, S.; Almarsson, O ﬂnelTCJAmChcm
Soc. 1992, 114, 4&9

(B)Cdlnm. , P.; Denisevich, P.; Konai, Y.; Marroco, M.; Koval, C.;
Anson, F. C. J. Am.Chcm.Soc 1980, 102 6027.

(27) Durand, R. R., Jr.; Bencosme, C. S.; Collmann, J. P.; Anson, F.
C. J. Am. Chem. Soc. 1983, 108, 2710.
97(’23)Dim M.; Webb, E. C. Enzymes; Acadernic Press: New York,
1979.

mediators,- it would also be interesting to be able to study
these reactions with the usual biological substrate of the
enzyme, oxygen.

The aim of this paper is to show that amperometric
biosensors can be employed as the tip in SECM. Exampies
of the information that they can provide in studies of
electrochemical and enzymatic oxygen reduction are pre-
sented. The advantages and disadvantages of the technique
compared to RRDE and simple voltammetric SECM tech-
niques are also discussed. Images of the distribution of
catalytic activity on model surfaces are shown, and the
technique is compared to other methods of imaging electro-
chemical activity, such as SECM with voltammetric micro-
electrodes and fluorescence imaging.*®

THEORY

As in any scanning probe microscopy, it is necessary to
determine the abeolute tip-to-sample distance in order to
bring the tip cloee to the surface and to extract quantitative
information about concentrations near the surface. InSECM
with redox mediators, this is very conveniently done by
monitoring the faradaic current at the UME tip as it
approaches the surface.* This approach is not possible with
the biosensor tips used in this paper for two reasons. First,
it it undesirable to add a redox mediator to the solution,
because this could perturb the chemistry of the system.
Second, the rate of diffusion of redox mediators in polymers
is slower than in aqueous solutions, and the faradaic current
for a redox mediator at the tip may be limited by diffusion
through the polymer film. The tip current would thersfore
be insensitive to the rate of diffusion in the solution and
heneetothetxp—to-umple distance. However, a modification
of the procedure is possible. By applying a high-frequency
alternating potential to the tip, the solution resistance between
the tip and the auxiliary electrode can be measured. As the
tip approaches an insulator, the solution resistance incresses
because the surface partially blocks some of the pathways for
ions to travel between the tip and the aunhnry electrode. A
similar effect is applied in scanning ion conductance mi-
croscopy.’! Near a conducting surface, the measured resis-
tance decreases as the tip approaches the surface, because
the alternating current can now flow through the conductor;
this applies equally whether the conducting sample is used
as the auxiliary electrode or is simply left at open circuit. The
dependence of the solution resistance on tip-to-surface
separation can be calculated with two assumptions: (i) the
impedance of the cell can be approximated by a simple series
combination of the tip double-layer capacitance and the
solution resistance, and (ii) the contribution of the polymer
film on the tip to the resistance is either constant or negligible.
For a conductive substrate, the measured capacitance will
include a contribution from the substrate. At small tip—
surface separations, only the part of the substrate underneath
the tip is active and the capacitance of this region may be of
thesame order as the tip double-layer capacitance. However,
this effect was found to be within the accuracy of our
experimental data and therefore no correction for this effect
was applied.

The computation of the solution resistance between a disk
electrode and an auxiliary electrode at infinity has been carried
out by Newman by solving the Laplace equation for the
potential distribution.?? The equivalent problem for the

79(529) Pierce, D. T.; Unwin, P. R.; Bard, A. J. Anal. Chem. 1992, 64,
1

(30) Engstrom. R. C.; Ghaffari. S.: Qu, H. Anal. Chem. 1992, 64, 2525.

(31) Hanama, P. K.; Drake. B.; Marti, O.; Gould, S. A. C.; Prater, C.
B. Science 1989, 243, 641.

(32) Newman, J. J. Electrochem. Soc. 1988, 113, 501.
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geometry of SECM can be tformuiated by the following
equations.

Tip =0 1)

with the boundary conditions
/ = ~«V¢ in the soiution 2)
» = const at a conducting sampie-auxiliary eiectrode  <3)
¢ =0 atthetip 1)
/=0 atinsulating surfaces and the glass tip sheath (5)

The above equations apply to both dc resistance experiments
with a redox couple present and ac experiments in inert
electrolyte, as long as ¢ is taken as the alternating part of the
potential in the latter case. These equations are strictly
analogous to Fick’s equation for amperometric SECM at
steady state.

Vie=0 (6)
with the boundary conditions
iy =-nFDVc in the solution N
¢ = const at a conducting sample surface (8)
¢ =0 atthetip 9)

it =0 atinsulating surfaces and the glass tip sheath (10)

This analogy has also been pointed out for the calculation of
the uncompensated resistance at a UME in bulk solution.’33¢
Using this analogy and normalizing the distance scale by the
tip radius, a, we obtain the following expression for the
variation of solution resistance with the tip-to-surface sep-
aration:

R(=)/R(d) = ix(d)/ix,= (11)

where i7(d) and R(d) are the feedback current and solution
resistance at a normalized tip-to-surface separation of d (in
units of tip radius a). This implies that the (decreasing)
conductance as the tip approaches an insulator shows the
same distance dependence as that of the current in SECM.
A similar equivalence exists for the conductance and current
with a conductive substrate. Since the distance dependence
of the feedback diffusion current is already known,* all that
remains is to show how the contribution of the solution
resistance can be separated from the capacitive contribution
to the impedance of the tip.

When the tip—auxiliary electrode cell can be represented
by a simple series RC equivalent circuit, the in-phase and
quadrature components of the current are

. @zcdlzRV (12)
e =

” 1+ wzcazﬁz

. weyV
lge =573 (13)
ol 1+ wzcdlle

where w, c41, R, and V are the angular frequency, tip double-
layer capacitance, solution resistance, and magnitude of the
applied ac voltage, respectively. The normalized solution
resistance in eq 11 can then be calculated using

wegR(d) =7 (d)ig(d) (14)

After normalizing this by the value of resistance at large
distances, R(=) (i.e., distances greater than a few radii), a
plot of normalized conductance, R(«)/R(d), vs distance, d,

133) Oldham. K. B. J. Electroanal. Chem. 1988, 250, 1.

(34) Oldham. K. B. In Microelectrodes: Theorv and Applications;
Moatenegro, M. L., Queircs, M. A., Daschbach, J. L., Eds.. Kluwer:
Amasterdam, 1991; p 83.
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Figure 2. Schematics of the two types (A and B) of hydrogen peroxide
sensing microesiectrodes used.

can be constructed. These data can then be fit to the theory
for feedback diffusion in SECM (it(d)/ir . va d) to determine
the absolute tip-to-surface distance.

EXPERIMENTAL SECTION

Microelectrode Fabrication. Carbon microelectrodes of two
different geometries were prepared for use as amperometric
biosensors. These are referred to as type A (microdisk) and type
B (microcylinder) electrodes.

Type A electrodes (Figure 2A) were prepared hy heat sealing
11- or 8-um-diameter carbon fibers (Amoco Performance Prod-
ucts, Greenville, SC) in 2-mm-o.d. Pyrex capillaries. The tip of
the electrode was then beveled to produce an SECM tip, as
described previously.* The resuliting tip geometry was an inlaid
microdisk electrode with a ratio of glass sheath diameter to carbon
fiber diameter, denoted as RG, of ca. 2-3.

The carbon microdisk was then coated with the electrically
wired enzyme. The coating solution contaiz.:d redox polymer 1,
enzyme (horseradish peroxidase), and cross-linker (poly(ethylene
glycol) (MW 400) diglycidyl ether] in a weight ratio of 6.2:3.9:1.
The tip of the electrode was brought into contact with a drop of
the coating solution using a micromanipulator and then with-
drawn. The solution was allowed to dry and form a roughly
1-um-thick film (estimated by optical microscopy) coating the
surface of the tip. The film was cured at ambient temperature
in air for a minimum of 2 days.

Type B electrodes (Figure 2B) were fabricated in a manner
similar to a previously published procedure for glucose-sensing
microelectrodes.® A 7-um-diameter carbon fiber was inserted
into a 2-mm-o.d. borosilicate glass tube, and the tube was pulled
on a micropipet puller (Narishige Model PB-7) to yield a glass
tip of approximately 20-um o.d. The glass tip was then partially
filled with a low-viscosity epoxy, leaving a microcylinder as the
electrode surface, and was cured at 70 °C overnight. The tip was
then polished at an angle of 90° with a micropipet beveler (Model
BV-10, Sutter Instrument Co.), first on 1200-grit sand paper and
then on an extrafine diamond abrasive plate, to produce a smooth
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ca-bon surface. Electrical contact to the carbon fiber was made
by filling the top of the tube with mercury and inserting a stainiess
steel wire.

The carbon microcylinder was then coated in a manner similar
to the microdisk tips. The tip of the microelectrode was pushed
into a 1-2-ul, drop of the coating solution using a microman-
ipulator. The mixture was aliowed to rise into the glass pipet
and coat the fiber. After the mixture dried, the end of the glass
micropipet was blocked by the redox polymer film. Again. the
film was cured at ambient temperature in air for a minimum of
2 days.

Antimony microdisk electrodes for the measurement of pH
near electrode surfaces with the SECM were prepared from
antimony shot as described previously.’® The pH response of
each electrode was calibrated using a glass electrode (Orion
Research, Model 701A, Boston, MA) in phosphate buffers. The
sensitivity of the electrodes was ~ 50 mV/pH unit, which is typical
for polycrystalline antimony.3

Platinum microdisk electrodes used for comparison were
prepared by sealing platinum wire (Goodfellow Metals Ltd.,
Cambridge, UK) in glass as described previously.¢ The reference
electrode was a silver quasi-reference electrode (AgQRE).

Immobilized Glucose Oxidase. Glucoee oxidase was im-
mbolized on a carbon surface using a technique similar to the tip
preparation above. The enzyme, redox polymer, and croes-linker
{poly(ethylene glycol) (MW 400) diglycidy] ether) were mixed in
a weight ratio of 3:7:0.5, and a drop of the solution was applied
to the surface of a 3-mm-diameter carbon disk electrode. The
mixture was allowed to cure in air at ambient temperature for
~2 days.

Instrumentation. The basic SECM instrument used in this
work has been described in detail previously.* Briefly, a CE-
1000 micropositioning device (Burleigh Instruments, Fishers,
NY), connected to a PC via a DAC, controlled the movement of
three piezoelectric inchworm motors. The tip was mounted on
a three-axis tranalation stage and could be moved with submicron
distance resolution under the control of the PC. The potentials
of the tip and, when necessary, the substrate were controlled by
afour-electrode EI-400 bipotentiostat (Ensman Instrumentation,
Bloomington, IN). The tip and substrate currents were digitized
and acquired by the PC using software written in-house (by D.
0. Wipf).

Admittance-impedance measurements at UME tips in the
SECM were made with a lock-in amplifier (Princeton Applied
Research, model 52086, Princeton, NJ). The cecillator output of
thelock-in was connected directly to the substrate or to a platinum
or silver/silver chloride auxiliary electrode. The tip was held at
virtual ground, and the current was measured with a high-
frequency current follower. The real and imaginary components
of the tip current as measured by the lock-in amplifier were fed
into the ADC and collected by the PC.

A high-impedance buffer!? was used for potentiometric SECM
measurements with antimony pH-sensing tips. To avoid prob-
lems arising from the interaction of the ground of the EI-400
bipotentiostat and the ground of the high-impedance buffer, the
substrate electrode was connected to channel B of the bipoten-
tiostat and an external potential source (PAR 173 potential
programmer) was used to run cyclic voltammograms. In this
configuration, the reference electrode was at virtual ground and
the potential of the tip could therefore be measured with respect
to the same reference electrode used by the bipotentiostat. Tip
potential and substrate current data were acquired simuita-
neously by the PC using the SECM software.

Cell and Substrate Electrodes. The cell (volume ca. 4
mL)1%® was machined from Teflon material, and the base was
threaded to allow easy removal and exchange of different cell
bases containing various substrate electrodes.

Glassy carbon substrate electrodes were made by heat-sealing
3-mm-diameter rod directly into a Teflon cell base using standard
techniques. Gold substrate electrodes were made by first sealing
450-um-diameter wire in 2-mm-o.d. soft glass capillaries under

(35) Glab, S.; Hulanicki, A.; Edwall, G.; Ingman, F. Crit. Rev. Anal.
Chem. 1989, 21, 29,
(36) Wipf. D. O.: Bard. A. J. J. Electrochem. Soc. 1991, 138, 469.

vacuum, polishing to expose & cross section, and then inserting
them into a hoie drilied in the ceil base.

Chemicals. Peroxidase (EC 1.11.1.7; Type II, 200 units/mg
of solid) from Horseradish (Sigma Chemical Co., St. Louis, MO)
and glucoee oxidase {EC 1.1.3.4; 122 units/mg of solid) from
Aspergillus niger were used as received. The cross-linking agent
[ poly(ethylene glycol) (MW 400) diglycidyl ether] was obtained
from Polysciences, and the redox polymer, [ poly{(vinyipyridine)-
oemium(bipyridine);Cl] derivatized with bromoethylamine]
shown in Figure 1, was synthesized as previously reported.’’
Antimony shot (99.999%) was obtained from Aldrich. Fresh
solutions of hydrogen peroxide were made up for each experiment
by dilution of a concentrated commercial aqueous solution (30%
by volume, Merck). The concentration of the commercial solution
was checked by measuring the density. All other reagenta were
purchased from Aldrich or Sigma.

SECM Experimental Procedure. In general, the expen-
mental procedure involved bringing the biosensor tip close to
the sampie surface and establishing the distance scale from the
solution resistance (type A tips) or by deliberately touching the
surface with the tip (type B tips).

For type A tips, the distance calibration was performed in 1
mM KCL The in-phase and quadrature components of the
current were monitored at a frequency of 10 kHz as the tip was
pushed toward the surface. The tip was stopped when the real
companent had decreased by a factor of roughly 2. The tip was
then withdrawn a known distance, disconnected from the lock-
in amplifier, connected to the bipotentiostat, and held at &
potential of ~0.1 V vs AgQRE to detect peroxide. Fresh pH 7
phosphate buffer was usually added to the cell at this stage. The
tip could then be pushed toward the surface to any desired tip-
to-surface separation for imaging or electrochemical generation—
detection experiments.

For type B tips, the tip was positioned as close as possible to
the surface (~0.1 mm) using a telescopic lens. Next, the tip was
connected to the bipotentiostat and very slowly (<0.6 umy/s)
pushed toward the surface until a sudden jump in the current
indicated that part of the tip was touching the surface. Insome
experiments, generation of a concentration profile of hydrogen
peroxide at the surface aided this step. A gradual increase in tip
current due to detection of peroxide was observed as the tip
approached the surface, the tip approach was then continued at
a alower rate until a sudden increase in the tip current was
assumed to indicate electrical contact between tip and surface,
and this point was taken as zero tip-to-surface separation. The
tip was then withdrawn to the required distance for imaging or
electrochemical experiments.

For potentiometric SECM experiments with antimony tips,
the antimony tip potential was poised at a value where reduction
of oxygen is diffusion controlled, and a current—distance curve
corresponding to the case of an insulating substrate was recorded
as reported previously.’Y The antimony tip was then reoxidized
by returning the tip potential to 0 V for a fefw seconds to restore
the pH function. The tip could then be connected to the high-
impedance buffer for potentiometric measurements.

RESULTS

Characterization of Tips. Figure 3 shows a current~
concentration calibration for a type B tip. A linear depen-
dence of current on hydrogen peroxide was found up to ~ 100
#M (inset). If the active area of the tip is taken as roughly
the same as the cross-sectional area of the end of the tip, a
sensitivity of 0.75 A M- cm-2is obtained. Thisisinreasonable
agreement with the value of 1 A M~ cm? found for
macroscopic electrodes based on the same enzyme and redox
polymer;3 the discrepancy is mainly due to the uncertainty
in the correct value of the area to be used in the calculation.
Type B tips exhibited a slowly decaying background current,
probably due to the redox process of parts of the polymer in
poor electrical communication with the carbon fiber. This
current was of the order of 10 pA after a few minutes at the

(37) Gregg, B.; Heller, A. J. Phys. Chem. 1991, 95, 5976.
(38) Vreeke, M.: Maidan, R.; Heller, A. Anal. Chem. 1992, 64, 3084.
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Figure 3. Current vs hydrogen peroxide concentration for a type B
tip in 0.2 M pH 7 phosphate buffer. The inset shows the linear region
below 100 uM.
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potential of -0.1 V va AgQRE used for peroxide detection.
Although type A tips showed amaller background currents,
of the order of a few picoamperes, they produced ~ 10 timmes
less current for a given concentration of peroxide. A crude
estimate of the response time of the tips was made by
monitoring the current on addition of peroxide to a stirred
solution. Both type A and B tips showed similar response
times, reaching 80% of the steady current in approximately
1-2 s; these values are ciose to those reported for glucose
microelectrodes of similar design.”

Distance Calibration. Figures 4 and 5 show approach
curves of conductance against distance for bare platinum
UME tips over glassy carbon and Teflon substrates, respec-
tively. These approach curves were recorded in a 1 mM KC1
solution, since the UME double-layer capacitance dominates
the impedance of the system in solutions of high ionic strength.
Although the agreement with theory is excellent, this method
of approaching the surface suffers from the limitation that
as the tip becomes smaller, the double-layer capacitance
decresses, and the relative contribution of the solution
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Figure 5. Conductance—distance curve for a 25-um-dameter platinum
UME over a Teflon surface in t MM KC!. Filled triangies are experiment
and lne is theory.
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Figure 8. Conductance—distance curve for an 11-um-diameter type
A tip over a glassy carbon surface in 1 mM KCl. Filled triangles are
experiment and line is theory.

resistance to the impedance decreases. Moreover, the method
of data analysis outlined in the theory section depends on the
assumption of a simpie RC series equivalent circuit, i.e., with
no faradaic process. To some extent these problems can be
overcome by the use of low-conductivity solutions and high
frequencies so that the contribution of the solution resistance
to the impedance is maximized.

The advantage of this method is that it works equally weil
forinsulating and conducting surfaces and could even be used
to distinguish regions of different conductivity on a surface
in exactly the same way as amperometric SECM. A further
advantage is the relative insensitivity to the presence of a
thin polymer film on the tip. This is shown in Figure 6, the
approach curve for a type A biosensor tip over aglassy carbon
surface. The agreement with theory is still sufficiently good
to allow calibration of the tip-to-surface distance with an
accuracy better than 1 um. The presence of the polymer film
on the tip increased the measured capacitance by a factor of
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Table 1. Pathways of Electrochemical Reduction of
Oxygen

electrode
potential/ V
reaction vs NHE®
Y Oy + 2H0 + 46~ — 40H- +0.401
o] O + 4H* + 40~ — 4H0 +1.229
N Qg + HyO + 2¢- ~— HOy + OH- -0.065
d HO, + Hz0 + 2¢- — 30H- +0.867
e O2 + 2H* + 2¢- —~ H,04 +0.67
f H,0; + 2H* + 2e- — 2H,0 +1.77
g 2H,0, — 2H;0 + 02 catalyt decomp

~2, possibly due to a change in effective area. Nosignificant
difference in resistance between coated and uncoated tips
was observed, and therefore, no correction for this was applied.
The signal-to-noise ratio for coated electrodes in resistance
measurements was poorer than for uncoated ones for reasons
that are not clear.

Unfortunately, although type A tips could easily be
positioned close to a surface using this method. only ~10%
of these tips functioned well as biosensors. The reason for
this was the poor adhesion of the polymer to the glass. The
swelling of the polymer in solution often resulted in loss of
polymer from the tip. For this reason, type B tips were
constructed and were found to function as biosensors much
more reliably. However, the geometry of these tips does not
allow the use of the above theory for the conductance—distance
measurement. I[nstead, the distance was determined by
deliberateiy touching the tip to the conductive surface as
described in the Experimental Section. Although thismethod
could be used to calibrate a conductance—~distance curve, it
was carried out with the tip under potentiostatic control for
convenience. This method of distance calibration has several
disadvantages, the most obvious being the possibility of
damaging the tip, and indeed, it was necessary to use very
slow scan rates, 0.5 um/s or less, when approaching the
substrate. Moreover, this method only works with conductive
substrates.

Electrochemical Reduction of Oxygen. The mechanism
of the electrochemical reduction of oxygen has been intensively
studied.32¢ The reaction is complex, because it involves
multiple electron- and proton-transfer reactions and proceeds
through a series of high-energy intermediates, e.g., 0>, and
HO,*, with the more stable intermediate H,0-, also frequently
formed. In aqueous solution, the mechanism depends on
electrode material, pH, electrode potential, electrode pre-
treatment, and purity of the system.24® A few of the processes
often found in the main overall reduction are shown in Table
1. Reactions of radical intermediates such as OH*, O,"-, and
HO. are not considered because their lifetimes are too short
in aqueous solution to be detected in the SECM experiments
reported here. Rotating ring—disk studies have demonstrated
the presence of hydrogen peroxide as a stable inter-
mediate. 2243343 These investigations have shown that, on
most electrode materials (other than platinum), the hydrogen
peroxide pathway (c—f) accounts for essentially all the current.
On platinum electrodes in acidic solutions at low overpo-
tentials, no hydrogen peroxide is detected, leading to the
proposal that oxygen is reduced to water without a peroxide
intermediate (b) perbaps via dissociative adsorption of

(39) Damjanovic, A.; Genshaw, M.; Bockris, J. O'M. J. Chem. Phys.
1966, 45, 4057.

(40) Damjanovic, A.: Genahaw, M.; Bockris, J. O'M. J. Electrochem.
Soc. 1966, 113, 1107; 1967, 114, 468.

(41) Muller, L.; Nekrasov. J. Electroanal. Chem. 1968, 9, 282,

(42) Genshaw, M. A.; Damjanovic, A. Bockris, J. O'M. J. Electroanal.
Chem. 19417, 15, 163.

(43) Tarasevich, M. R.; Subirov. F. Z.; Mertsalova, A. P.; Burstein, Kh.
Electrokhim. 1968, 4, 432, 1969, 5, 608: 1970, 6, 1130.

oxygen. Alternatively, the intermediates (Oy*-, HOy", or
peroxide) may be strongly adsorbed on the surface and
reduced to water before they desorb.** Furthermore, platinum
is known to catalyze the disproportionation of hydrogen
peroxide to water and oxygen (g}, and therefore, it has been
suggested that the rate of hydrogen peroxide decomposition
is as fast as its rate of formation. With gold and glassy carbon
electrodes, however, hydrogen peroxide is formed as a stable
intermediate at any pH.#>4* Parts A and B of Figure 7
illustrate the results of substrate generation-tip detection
experiments using & peroxide-sensing UME tip close to carbon
and goid substrate electrodes reducing oxygen in phosphate
buffer solutions. The tip potential (with a type A or type B
tip) was held constant at -0.1 V v8 AgQRE (ca. +0.1 V vs
SCE) to detect hydrogen peroxide, and the substrate potential
was slowly swept into the region where oxygen is reduced. As
the substrate begins to reduce oxygen, for both electrodes at
potentials more negative than ca. -0.3 V, the tip current rises
because of detection of hydrogen peroxide in the diffusion
layer. Eventually, the tip current decreases again as the
substrate potential becomes sufficiently negative to reduce
the hydrogen peroxide to water. This is clearly seen in the
case of glassy carbon (Figure 7A), where two separate, drawn-
out waves are seen in the forward scan of the substrate
voltammogram corresponding to potentials where the tip
currentrises and falls. The rise in peroxide detection current
on the reverse scan occurs at roughly the aame potential (-1
V) as the fall in tip current on the forward scan, confirming
the identification of the two waves in the substrate volta-
mmogram as the reduction of oxygen to peroxide and
reduction of peroxide to water, respectively. This alsoshows
that the decrease of the peroxide detection current on the
forward scan reflects a potential-dependent process and is
not due to a slow, time-dependent process, e.g., catalytic
decomposition. The time lag for the rise of the tip current
on the reverse scan is due to the slow diffusion of oxygen from
the bulk solution to the carbon surface, and the slow decay
of the tip current at the end of the reverse scan is due to the
relaxation of the concentration profile of hydrogen peroxide
between the carbon surface and the bulk solution. These
results demonstrate that the tip is functioning and are in
agreement with previous rotating ring—disk studies on carbon
electrodes.”

In the case of gold (Figure 7B), the process is more complex.
On the forward (0 to—1.7 V) scan, the tip current rises because
of the reduction of oxygen to peroxide beginning at ~-0.2 V
on the gold substrate (inset on substrate voltammogram). As
with carbon, the decrease in tip current at —1.0 V is due to
reduction of peroxide to water. The wave for the reduction
of peroxide cannot be distinguished on the Au voltammogram,
because it merges with the large reduction wave (discussed
below) attributed to buffer reduction. However, the tip
current does not decrease to zero, but plateaus at ~18 pA
beginning at —1.2 V, indicating that peroxide reduction on
the gold surface is blocked. Two plausible explanations for
this behavior are fouling of the electrode surface or a shift to
higher pH at the gold surface, which could reduce the rate
of reduction of peroxide. To test this, the pH near the gold
surface was directly measured using an antimony tip under
the same conditions (Figure 7C). The small apparent rise in
pH at—0.3 V in Figure 7C is due to depletion of oxygen, which
causes the rest potential of antimony to become more negative.
Despite this interference, Figure 7C clearly shows that the
pH increases significantly only at potentials more negative
than ~-1.5 V (where water reduction occurs) and therefore
cannot account for the blocking of peroxide reduction at 1.2
VinFigure 7B. Thisaharp pH increase does, however, account
for the drop in peroxide detection current at -1.5 V, which
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Figure 7. (A) Tip (type A) and substrate (giassy carbon) current as a function of substrate potential during a scan (2 mV/s) with a tip-to-surface
distance of 10 um. (B) (Tip) (type B) and substrate (goid) current as a function of substrate potential curing a scan (10 mV/s) with a tip-to-eurface
digtance of ~ 10 um. The inset shows the oxygen reduction wave on the forward scan. (C) Tip (20-um-diameter antimony) potential and substrate
{goid) current as a function of substrate potential during a scan (10 mV/s) with a tip-to-surface distance of 10 um. (D) Tip (10-um-diameter platinum
at+0.7 V) and substrate (goki) current as a function of substrate potential during a scan (10 mV/s) with a tip-to-surface distance of 10 um. Sokstions
comained air-saturated 0.2 M pH 7 phosphate buffer, and the referance slectrode was a siiver wire.

is likely due to deactivation of the enzyme at such a high pH.
The pH dependence of a macroscopic horseradish peroxidase
electrode is consistent with this interpretation (Figure 8).
The peroxide detection current is roughly independent of

pH in the range 4.5-7.5. Outside this range, however, the
enzyme is deactivated, losing 90% activity by pH 10.5 but
recovering on returning to lower pH. The plateau in the tip
current in the potential range -1.2 to -1.5 V (Figure 7B)

;g‘.
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Figure 8. pH dependence of a macroscopic horseradish peroxidase
slectrode. The electrode used was a 3-mm-diameter giassy carpon
disk coated with horseradish peroxidase in redox polymer 1. The
solution contained 0.12 mM hydrogen peroxide. and the electrode
potential was O V vs SCE.

corresponds to the large reduction wave on the goid substrate.
This wave is absent in solutions containing only KCl as
electrolyte, but appears on addition of phosphate buffer and
is therefore attributed to reduction of buffer anions te.g.,
H,PO¢) to hydrogen. It is tentatively suggested that the
electrode becomes fouled by adsorbed species produced by
this reaction and that this inhibits the reduction of peroxide
in this potential range, although other mechanisms cannot
be ruled out on the basis of the available data. A similar
effect has been reported for the reduction of hydrogen
peroxide on germanium, and the decrease in reaction rate
was interpreted as being due to the adsorption of hydrogen
atoms on the active sites for peroxide reduction.* During
the reverse scan in Figure 7B, the current rises in the range
-1.0 to —0.3 V because the potential is no longer sufficient to
reduce peroxide, and finally, the tip current falls again at
potentials greater than —0.3 V, where oxygen is not reduced,
because of diffusion of peroxide away from the surface to the
bulk solution. For comparison, the experiment was repeated
using a platinum UME as a detector, as shown in Figure 7D.
The platinum tip, heid at a potential where H,0; oxidation
occurs, responds to the production of hydrogen peroxide, but
at potentials corresponding to the reduction of the buffer or
water; the peroxide detection current is obscured by a large
anodic current due to oxidation of hydrogen produced by
these processes. The increase in detector current seen at
~-1.2 V confirms the identification of the large plateau in
the substrate current at -1.2 to -1.5 V in Figure 7B as the
reduction of buffer anions to hydrogen and also demonstrates
the selectivity advantage of the biosensor tip, which is almost
insensitive to the presence of hydrogen.

Imaging Catalytic Activity. In addition to being a tool
for studying reaction mechanisms, SECM can be used toimage
catalytic activity. This is demonstrated for two systems.
Figure 9 shows an image of the hydrogen peroxide detection
current over an unbiased platinum microdisk in a solution of
hydrogen peroxide. The glass insuiator is inert to peroxide,
but the platinum surface catalyzes the disproportionation of
hydrogen peroxide to oxygen and water, as in Table 1g above.
Far from the platinum disk, the peroxide concentration is
constant, but decreases as the tip moves over the region near
the platinum surface. The image is elongated in a direction
perpendicular to the scanning motion of the tip. A possible
explanation of this is that the sample surface is tilted with
respect to the plane in which the tip wasscanned. Thisresuits
in the tip observing an elliptical section of the concentration

144) Gerischer, H.; Mindt. W. Surf. Sci. 1966, 4, 440.
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Figure 8. Image of the concentration profile of hydrogen peroxide
around a 25-um-diameter platinum microdisk in a solution of 0.88 mM
hydrogen peroxide and 0.2 M pH 7 phosphate butfer.

profile around the disk. This image was taken with a type
B tip, and the poor orientation of the tip and surface could
only be avoided by making muitiple tip crashes for distance
determination. Obviously this procedure is not satisfactory.
However, the response of type B tips to peroxide was more
stable, and nearly all type B tips prepared had a usable
response to peroxide, whereas type A tips did not show a
stable response to peroxide for the long periods of time (30
min to 1 h) required to collect these images. Despite the lack
of a completely satisfactory distance calibration, type B tips
could be used in a qualitative way to image catalytic activity.
Figure 10A is an image of the distribution of hydrogen peroxide
in the diffusion layer of a glassy carhon electrode which was
partiaily covered with platinum. This surface was prepared
by electrodepositing platinum onto a 3-mm-diameter glassy
carbon disk from a solution of hexachloroplatinic acid in 0.1
M HCI at a potential of -0.5 V vs Ag/AgCl. This resuited in
an uneven distribution of platinum islands partially covering
the surface. The piatinum deposit was cleaned by potential
cyeling in 0.5 M H,SO, until the characteristic hvdrogen
adsorption—desorption peaks were obtained. The dark area
in Figure 10A (low tip current) shows a region covered with
platinum where oxygen and hydrogen peroxide are reduced
to water. The light area is the bare carbon surface where
peroxide is a stable intermediate in the reduction of oxygen.
A small dark spot visible in the upper right-hand corner of
the image suggesta the presence of a small, ca. 10-um, platinum
particle. Figure 10B shows an optical micrograph of the
surface; unfortunately, it was not possible to determine the
part of Figure 10B scanned in Figure 10A because of the lack
of structure in the SECM image. However, a comparison
with the optical micrograph of the surface shows an important
aspect of the technique, that only isolated sinks (or sources)
can be resolved. The main platinum region is composed of
smaller islands that are so close together that their diffusion
layers overlap and are not distinguished in Figure 10A. This
limitation is inherent to versions of SECM relying on
generation of an electroactive species by the surface under
study!® and to fluorescence imaging>® where a fluorescence-
inducing speciesis generated, but is less important in feedback
SECM experiments where the resolution is determined only
by the tip size.”# In comparison with fluorescence imaging,
the imaging technique with the enzyme electrode is very slow,
requiring 30 min or more to scan a 300-um by 300-um region.
This is due to the relatively slow, 1~2 s, response time of the
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discussed in the previous section, the distribution of enzyme
in this polymer isquite uniform, in contrast to the observations
of Wang and co-workers for the case of glucose oxidase trapped
in polypyrrole.# Figure 12 shows a scan across the boundary
of the polymer-enzyme-coated region and the bare carbon
surtace, where the current drops to a constant low vaiue over
a distance range of roughly 100 um.

CONCLUSIONS

The utility of horseradish peroxidase microeiectrodes in
SECM has been demonstrated for mechanistic studies of
oxygen reduction and for the detection of immobilized
oxidases without the need for artificial redox mediators. For
measurements of hydrogen peroxide in the diffusion layer,
there are three main advantages over rotating ring-disk
techniques. These are the excellent selectivity for hydrogen
peroxide over other electroactive compounds, the high
sensitivity, and the poesibility of imaging distributions of
catalytic activity on the surface. However, these sensors have
arestricted useful pH range (ca. 4-8); moreover, the substrate
generation-tip detection mode of operation is not convenient
for quantitative measurements requiring a well-defined
collection efficiency or for high-resolution imaging. The
sensors have a relatively long response time, which restricts
the scanning rate of the tip across the surface and hence
increases the time required to obtain an image. Thisrestricts
the technique to imaging of steady-state concentration
profiles. From the various studies carried out with the tip
described here (see, e.g., Figure 10A), we judge the resoiution
attainable with this technique to be of the order of tens of
micrometers.

The technique has promise in the study of enzymatic
systems where the presence of many electroactive components

could make measurements with ..z ur carbon detector
electrodes uncertain. Inprinciple, 1.y v enzymatic oxidations
can be studied without the need to add additional redox
mediators (amperometry) or fluorescent dyes (fluorescence
\maging).
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j current density, A cm-?
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Figure 10. (A) Image of the concentration profile of hydrogen peroxide
near the surface of a giassy carbon-piatinum composite. The solution
contained air-saturated 0.2 M pH 7 phosphate buffer, and the potential
of the giassy carbon substrate was -1.0 V vs AGQRE. The tip to
surface distance was ~ 20 um. The white scaie bars indicate 25 um.
(8) Optical micrograph of the surface of the giassy carbon—-pilatinum
composite from (A). The photograph shows an area ca. 500 um
across. Darker areas are electrodeposited Pt.

tips which necessitates the use of scan rates of 5 um/s or less.
However, the technique does have the ability to provide
concentration profiles normal to the surface instead of
integrating over a light path.

Enzymatic Oxygen Reduction. Hydrogen peroxide is
formed in several oxidase-catalyzed oxidations of substrates
by oxygen.”? A simplified scheme for glucose oxidation
catalyzed by glucose oxidase is shown below:

GOpx + B-D-glucose — GO, + D-gluconolactone (15)
GO, + 0, —~GO,, + H,0, (16)

Therefore an attractive possibility for assaying enzyme
activity on a small (length) scale is the measurement of the
hydrogen peroxide produced. This is easily done using the
peroxide-sensing tips described here. Glucose oxidase was
immobilized on a glassy carbon disk (ca. 3-mm diameter) by
trapping in the same polymer as used for the tip. The
immobilized glucose oxidase was placed in air-saturated pH
7.0 phosphate buffer and 1 mM glucose was added. After
allowing the enzyme to generate hydrogen peroxide via
reactions 15 and 16 for a few minutes, a quasi-steady-state
concentration profile of hydrogen peroxide developed at the
surface of the carbon disk. Figure 11 shows an approach
curve of tip current against distance over immobilized glucose
oxidase in a solution of glucose. The tip current rises siowly
over a distance of several hundred micrometers because of

&
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Figure 11. Current—relative distance curve for a type B tip approaching
the surface of a giassy carbon disk coated with immobiiized glucose
oxiiase. The soision contained 1 mM glucose and ar-saturated 0.2
M pH 7 phosphats buffer. The whole approach curve (imited by the
maximum piezo travei of ~475 um) is shown.
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Figure 12. Line scan across the edge of an immobillzed glucose
oxidase layer. At distances greater than ca. 300 um, the tip is above
a bare carbon surface. The sokition contained 1 mM glucoss and
air-saturated 0.2 M pH 7 phosphate buffer.

the large size of the carbon disk used as substrate. The sharp
decrease in tip curre:t is due to the tip blocking diffusion of
glucose and oxygen to the immobilized glucose oxidase on
the carbon surface under the tip when the tip is close to the
surface; the small increase that follows may indicate the tip
touched the surface. On scanning the tip over the middle of
thig surface (not shown), the measured peroxide concentration
was constant within ~ 10% ., indicating that, with the proviso
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Abstract: Electrical communication between redox centers of glucose oxidase and vitreous carbon electrodes is established
through binding to oligosaccharides, at the periphery of the enzyme, ferrocene functions pendant on flexible chains. Communication
is effective when the chains are long (>10 bonds), but not when the chains are short (<5 bonds). When attached to long
flexible chains, the peripherally bound relays penetrate the enzyme to a sufficient depth to reduce the electron-transfer distances
between a redox center of the enzyme and the relay and between the relay and the electrode, thereby increasing the rate of

electron transfer.

Introduction

The redox centers of many enzymes are electrically insulated
by thick protein or glycoprotein shells, preventing direct electrical
communication between the centers and electrodes. The rate of
electron transfer' between a redox center of an enzyme and an
electrode is controlled by (a) the distance between the redox center
and the electrode, (b) the potential difference between the redox
center and the electrode, and (c) the reorganization energy as-
sociated with the electron transfer.2  For enzymes such as glucose
oxidase, with buried redox centers, diffusing redox mediators
including O,/H,0,’ and ferrocene/ferricinium derivatives* have
been used to shuttle electrons between enzyme redox center and
electrodes. Leakage of ferrocene/ferricinium mediators from
thin-film enzyme electrodes leads to their deterioration.’ Leakage
can be avoided through the use of soluble diffusing high molecular
weight redox mediators, such as ferrocene-derivatized bovine serum
albumin® and ferrocene bound to high molecular weight poly-
(ethylene glycol)” that can be confined within membranes having
sufficiently small pores.

Direct, i.e., not diffusionally mediated, electrical communication
between a buried redox center of an enzyme and an electrode can
be achieved through insoluble, electrode-attached redox polymers
that penctrate the enzyme sufficiently deeply for electron ex-
change.! This route provides the significant advantage of elim-
inating the need for membrane containing the soluble macro-
molecular mediator. Yet another way to establish direct electrical
communication between a buried redox center of an enzyme and
an electrode is through covalently binding to the protein of the
enzyme (well below its “periphery”) electron relays.® For example,
in glucose oxidase, a rather rigid glycoprotein with two identical
polypeptide chains and a hydrodynamic radius of ~50 A, the
distances involved in electron transfer between the active sites and
the electrode are shortened upon binding 12 or more ferrocene-
carboxylic acid functions, through amide links, to the enzyme.
Replacement of ferrocenecarboxylic acid by ferroceneacetic acid
or ferrocenebutanoic acid enhances the kinetics of electron
transfer.4 In the preparation of materials for affinity chro-
matography, redox-active species of enzymes, such as NAD*/
NADH, are bound to supports with long and flexible spacer chains.
Such chains facilitate access of the active species to their specific
binding sites.!°

We report here the modification of glucose oxidase by covalently
binding of ferrocene derivatives, via spacer chains of different
lengths, to sugar residues on its outer surface. We show that the
length of the spacer chain has a crucial influence on the elec-
trooxidation of the enzyme, i.c., on electron transfer from the
reduced active site of the enzyme, via the spacer chain attached

Technische Universitit Manchen.
$The University of Texas.

ferrocenes, to electrodes. This process is rapid only when the
spacer chain is sufficiently long to allow the ferrocenc to penetrate
the enzyme sufficiently to approach the redox center.

Experimental Section

Chemicals. Glucose oxidase type X (EC 1.1.3.4, from Aspergillus
niger, 128 units mg™'), sodium m-periodate, sodium boron hydride, 3-
methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH), 1,2-
ethylenediamine, 1,3-diaminopropane, 1,6-diaminohexane, 1,8-diamino-
octane, 1,10-diaminodecane, and diethylenetriamine were purchased from
Sigma; ferrocenc carboxaldehyde (98%) was obtained from Aldrich.
(Aminoethyl)ferrocene was synthesized according to literature!! and
precipitated as the chloride salt. All other chemicals were of the best
available grade and used without further purification. Unless otherwise
noted, all experiments were performed at room temperature in a standard
aqueous buffer solution containing 100 mM phosphate and 200 mM
NaCl at pH 7.2.

Electrodes and Equipment. Electrochemical measurements were per-
formed with an EG&G Princeton Applied Research 175 universal pro-
grammer, a Model 173 potentiostat, and a Model 179 digital coulometer.
The signal was recorded on a Kipp and Zonen Y-Y-Y’ recorder. Glassy
carbon rods (Sigradur, 3-mm diameter) sealed with epoxy resin into glass

(1) Heller, A. Acc. Chem. Res. 1990, 23, 128.

(2) Marcus, R. M.; Sutin, N. Biochim. Biophys. Acta 198S, 81, 265.

(3) Clark, L. D., Jr; Lyons, C. Ann. N.Y. Acad. Sci. 1962, 102, 29.

(4) (a) Aleksandrovskii, Y. A.; Bezhikina, L. V.; Rodionov, Y. U. Biok-
himiya 1981, 708. (b) Kulys, J. J.; Cenas, N. K. Biochim. Biophys. Acta
1983, 744, 57. (c) Senda, M.; Ikeda, T.; Hiasa, H.; Miki, K. Anal. Sci. 1986,
2, 501. (d) Cass, A. E. G.; Davis, G.; Green, M. J; Hill, H. A. 0. J.
Electroanal. Chem. 1988, 190, 117. (e) Cass, A. G.; Davis, G.; Francis, G.
D.; Hill, H. A,; Aston, W. J; Higgins, 1. J.; Plotkin, E. V; Scott, L. D. L.;
Turner, A, P. F. Anal. Chem. 1984, 56, 667. (f) Kulys, J. J. Biasensors, 1986,
2,3. (g) Albery, W. J,; Bartlett, P. N.; Cass, A. E. G. Philos. Trans. R. Soc.
London B 1987, 316, 107.

(5) Schuhmann, W.; Wohischlager, H.; Lammert, R.; Schmidt, H.-L.;
Loffler, U.; Wiemhofer, H.-D.; Gopel, W. Sensors Actuators B 1998, 1, 571.

(6) Mizutani, F.; Asai, M. Denki Kagaku 1988, 56, 1100.
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Katakis, 1.; Lindquist, S.-E.; Ye, L.; Gregg, B. A; Heller, A. Angew. Chem.,
Int. Ed. Engl. 1990, 39, 82. (d) Hale, P. D.; Inagaki, T.; Karan, H. 1;
Okamoto, Y.; Skotheim, T. A. J. Am. Chem. Soc. 1989, 111, 3482.
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Commun. 1987, 1603.
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Figure 1. Synthesis of ferrocenc amines with spacer chains separating the redox and amine functions.
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Figure 2. Preparation of glucose oxidase modified by peripherally bound ferrocenes.

were polished prior to use on a polishing cloth sequentiatly with alumina
of decreasing particle size (1, 0.3, 0.5 um), sonicated, rinsed with distilled
watcr, and then dried in air. A single-compartment electrochemical cel
was used with an aqueous KCl/saturated calomel (SCE) reference
electrode and a platinum counter clectrode. All potentials are referred
to this reference clectrode (+244 mV vs NHE).

Synthesis of Ferrocene Derivatives. The ferrocene derivatives with
different spacer lengths were synthesized as shown in Figure 1. A 4-fold
excess of the appropriate diamine was heated in 100 mL of DMF to 100
*C, and 500 mg of ferrocenccarboxaldehyde dissolved in 50 mL of DMF
was added dropwise within | h to prevent formation of the bridged
diferrocene compound. After another hour an excess of sodium boro-
hydride in water was dropped into the solution, and the reaction mixture
was stirred for an additional hour at room temperature. The solvent
mixture was rotavaporated to dryness and the residue extracted with
dichloromethane and separated through a silica columa (1.5 cm X 30
cm). A first fraction—the bridged diferrocene—was ¢luted with di-
chioromethane, the main fraction with dichloromethane/methanol 10:1.
The solvent was evaporated to dryness, the residue dissolved in diethyl
ether, and the hydrochloride precipitated by bubbling gaseous hydro-
chioric acid through the solution. All compounds show the expected 'H
NMR spectra.

Preparation of Ferrocene-Modifled Glucose Oxidase. The oxidation
of the enzyme-bound sugar residues was performed with sodium m-

periodate according to established procedures.!? The ferrocenes were
attached to the aldehyde groups formed thus on the outer enzyme surface
via Schiff bases, which were reduced with sodium borohydride subse-
quently (Figure 2). The modified enzyme was isolated from low mo-
lecular weight compounds and desalted by gel chromatography (Sepha-
dex G25 equilibrated with water; column 2.5 cm X 20 cm). The volume
was reduced by means of ultrafiltration through a membrane (Amicon
PM30, MWCO 30000), and the modified enzyme was freeze-dried. To
verify that the unreacted ferrocenes were not electrostatically bound to
the enzyme, the freeze-dried product was redissolved and extracted with
copious amounts of a solution containing 0.1 M phosphate and 0.1 M
NaCl at pH 7.1 in an ultrafiltration cell. After refreeze-drying, the
electrochemical characteristics of the modified enzyme were unchanged,
confirming the absence of noncovalently bound ferrocenes. Determina-
tion of the amount of aldehyde groups at the enzyme surface was per-
formed by a procedure of Sawicki et al." The activity of the lyophilized
enzymes was deteriained spectrophotometrically by the o-dianisidine/
peroxidase assay.'" The labeling of the enzyme with ferrocenes was

(12) (a) Nakane, P. K.; Kawaoi, A. J. Mistochem. Cytockem. 1974, 22,
1084. (b) Nakamura, S.; Hayashi, S.; Koga, K. Biochim. Biophys. Acta 1976,
445, 294,

{13) Sawicki, E.; Hauser, T. R.; Stanley, T. W.; Eibert, W. 4nal. Chem.
1961, 33, 93.
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Table 1. Effect of the Spacer Chain Length on the Catalytic Current of Ferrocene-Modified Glucose Oxidase

rel enzyme
no. compound bonds iqn® NA [Fela? i/ [FCl activ {0,)*
1 Enz-CH,-NH-(CH,),-NH-CH,-Fc 7 200 1.50 £ 0.20 400 £ 160 027
2 Enz-CH,-NH-(CH,);-NH-CHj-Fc 8 1010 1.00 % 0.10 1010 £ 100 0.38
3 Enz-CH;-NH-(CH,)¢-NH-CH,-F¢ il 1190 1.00 = 0.10 1190 £ 120 0.45
4 Enz-CHy-NH-(CH,)s-NH-CH,-Fc 13 2800 1.00 £ 0.10 2800 + 280 0.41
5 Enz-CH;-NH-(CH}),¢-NH-CH,-Fc 5 2680 1.00 £ 0.10 2680 + 270 0.49
6 Enz-CH,-NH-(CH,;),-Fc 5 460 0.75 £ 0.25 600 + 200 0.33
7 Enz-CHy-NH-[(CH,),-NH),-CH,-Fc 10 3200 1.00 £ 0.10 3200 320 0.36

s Catalytic glucose oxidation current on 3-mm-diameter glassy carbon electrodes a1 0.35 V (SCE). ®Coulometrically determined relative number
of ferrocenes per enzyme. < Hydrogen peroxide rate of formation, measured relative to the native glucose oxidase rate.
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Figwre 3. Effect of the chain {ength connecting peripherally bound ferrocene to glucose oxidase on the electrocatalytic glucose oxidation current. Curves
a represent oxidation currents in the absence of glucose; curves b represent currents at 40 mM glucose. All solutions contain 2 mg mL™" of one of the
modified enzymes, 0.1 M phosphate buffer (pH 7.2), and 200 units/mL™"* catalase; 3-mm-diameter glassy carbon disks; all potentials vs SCE; scan

rate [0 mV s7%.

evaluated by atomic absorption spectroscopy and by coulometry.

Results and Discussion

Synthesis of Ferrocene-Labeled Glucose Oxidase. Glucose
oxidase (EC 1.1.3.4 from Aspergillus niger) is a dimer glycoprotein
with a molecular mass of 186 000 daltons. The oligosaccharide
chains, which form a hydrophilic periphery, represent ~12% of
its weight. Oxidation of these with periodate'? has been used to
provide peripheral aldehyde groups for the immobilization of
glycoenzymes to polymeric supports's or to electrode surfaces.'¢
Analogously, we have now applied this method to bind ferrocene
derivatives with different spacer lengths to the surface of glucose
oxidase. The periodate oxidation of glucose oxidase was inves-
tigated with respect to the number of aldehyde functions obtained
and the decrease of enzymatic activity during the reaction. As
expected, the aldehyde concentration increased when the reaction
times were longer and the enzymatic activity decreased. Optimal
results were obtained at a reaction time of 1 h and a periodate
concentration of >20 mM, the conditions of our experiments. The
number of aldehyde groups, introduced upon oxidation with 20
mM sodium periodate, was determined spectrophotometrically
after its reaction with 3-methyl-2-benzothiazolinone hydrazone
hydrochloride, following a procedure of Sawicki et al.'* Assuming
that the extinction coefficient reported for the hydrazones of
aldehydes formed from mannitol (¢ = 95000 L mol~! cm™) is

(14) Glucose procedure 541, Sigma Chemical Co., St. Louis, MO.

(15) Royer, G. P. In Methods in Enzymology, Immobilized Enzymes and
Cells; Colowick, S. P., Kaplan, N. O., Mosbach, K., Eds.; Academic Press:
San Diego, CA, 1987; Val. 135, p 141.

(16) Schuhmann, W.; Kittsteiner, R. Biosensors Bioelectronics, in press.
Presented at the Fir-t Worid Congress on Biosensors, Singapore, 1990.

similar to that of the hydrazones of the oxidized enzyme, we
estimate 6.4 aldehyde groups per enzyme molecule.'” However,
because polysaccharides do not react as completely as mono-
saccharides with this hydrazone, and because the extinction
coefficient for the aldehydes derived from mannitol is higher than
that of other sugars, this estimate may be low. The functionalized
enzyme used for the covalent binding of the different ferrocene
compounds showed an activity of 66 units mg™".

As the rate of electron transfer decays exponentially with the
distance of the involved redox centers, a significant influence of
the spacer length between enzyme surface and relay on the
electron-transfer properties of the modified enzyme in question
was expected. To evaluate the effect of chain length on the
effectiveness of electron transfer to clectrodes, we prepared the
series of ferrocene-derivatized enzymes shown in Table I (com-
pounds 1-7). The amino-functionalized ferrocene derivatives have
been synthesized through the reaction sequence shown in Figure
1 and purified by column chromatography. Following 10, ox-
idation of the oligosaccharide residues on the enzyme, the resulting
aldehyde groups were reacted with ferrocene amines, to form
Schiff bases. These were reduced with NaBH, to the secondary
amines (Figure 2). Binding of amino spacer modified ferrocene
derivatives to the surface of the functionalized glucose oxidase
did not lead to a further decrease of enzymatic activity (see Table
I).

Electrochemical Investigations of Ferrocene-Modified Glucose
Oxidase. The results of the electrochemical measurements are
summarized in Figure 3 and Table 1. The cyclic voltammograms
shown in Figure 3 were run at 2 mg mL™! concentration of the

(17) Sawicki, E.; Schumacher, R.; Engel, C. R. Microchem. J. 1967, 12,
7.
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Table I1. Catalytic Current of Partially Deactivated
Ferrocene-Moadified Enzymes

i
i (deactiv +
ian® (deactiv),) native enz),
no. compound bonds nA nA nA
1  Enz-CH,-NH- 7 200 120 170
(CHy);-NH-CH,-Fe
4 Enz-CH,;-NH- 13 2800 350 470

(CH,)y-NH-CH,-F¢

«Catalytic current for modified enzyme from Table 1. *Catalytic
current for modified, then partially deactivated enzyme. ¢Catalytic
current of (b) after addition of an equal amount (1 mg mL™!) of native
glucose oxidase.

ferrocene-modified enzymes 1-7 in 0.1 M phasphate buffer (pH
7.2). The three-electrode cells were equipped with a glassy carbon
(3-mm diameter) working electrode, a platinum wire counter
electrode, and a KCl-saturated calomel reference electrode.
Catalase was added to the solutions (200 units mL™") to decompose
any hydrogen peroxide that might be formed in the presence of
residual oxygen. Curve 1 of Figure 3 shows the cyclic voitam-
mograms of a solution of compound 1 in buffer (a) without glucose
and (b) with 40 mM glucose. Curves 2 and 3 show the cyclic
voltammeograms observed under identical conditions for compounds
2 and 4, respectively. The limiting currents, normalized for the
amount of attached ferrocene, increase with chain length (Table
I). Notable enhancement of the catalytic current is observed in
compound 7, where i = 6.5 uA, i.e., the current density reaches
90 uA cm2,

Electron-Transfer Model. A peripherally attached redox me-
diator may accept electrons through either an intramolecular or
an intermolecular process (Figure 4), acting in the latter as a
conventional diffusing mediator. For example, mediation by
ferrocene-modified albumin has been reported.® The dominance
of the intramolecular electron-transfer process in the case of
enzymes with long chains was established through the following
experiment. Enzymes 1 and 4 were partially deactivated by 6 M
urea (4 h, 25°) and then separated from the urea by gel-per-
meation chromatography. Their catalytic currents i’ (Table IT)
were measured at an enzyme concentration of 1 mg mL-! under
conditions identical with those for iy, in Table I. Then | mg mL™!
native glucose oxidase was added, and the catalytic current (i",,
Table I1) was determined. If the process were entirely inter-
molecular, i”,, would have been equal to or greater than i,
because the concentration of the electron-transfer mediator is
unchanged and both the concentration and reiative catalytic ac-
tivity of the enzyme are increased (note in Table | that 1 and 4
retain, respectively, 0.27 and 0.45 of the native enzyme’s activity).
If the process were entirely intramolecular, addition of native
enzyme would not have changed the catalytic current seen with
the deactivated enzyme (i’,,. Table II). Measurement of the
catalytic current in the presence of deactivated 1 and 4 with native
enzyme added shows that in the case of 1, where the chain is short,
the current approaches i, for the enzyme prior to deactivation,
i.., that the process of electron transfer either has a substantial
intermolecular component or is entirely intermolecular. For
compound 4, made with long chains, i”,, the current observed
with the partially deactivated enzyme plus native enzyme (470
nA), remains much below the 2800-nA catalytic current of the
enzyme prior to its partial deactivation and is only marginally
higher than the 350-nA current of the partially deactivated enzyme
(Table I1). This indicates that when the spacer chain is long the
process is dominantly intramolecular. We thus conclude that the
increase in catalytic currents with increase in chain length (Table
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Figure 4. (a) Intramolecular and (b) intermolecular clectron transfer via
chain-attached mediators.

1 and Figure 3) originates in enhanced intramolecular electron
transfer from the enzyme’s redox centers to the chain-attached
relay and, via the relay, to the electrode. Our observations do
not ailow us to define the extent of electron transfer by a dynamic
process, where the chain~pendant mediator swings “in” and “out”
of the enzyme, and a static process, where the relay is reasonably
stationary, i.e., is bound by hydrophobic or electrostatic interaction
to a specific region in the protein.
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Relaying of Electrons in Enzymes

This Account describes the chemical modification of
regions of large biomolecules, transforming them from
electrical insulators to electrical conductors. Redox
enzymes are molecules of 40000 Da (daltons) (e.g., ga-
lactose oxidase) to 850000 Da (e.g., choline de-
hydrogenase) with one or more redox centers. Their
average hydrodynamic diameters range from ~55 to
~150 A. In the great majority of enzymes, the redox
centers are located sufficiently far from the outermost
surface (defined by protruding protein or glycoprotein
domains) to be electrically inaccessible. Consequently,
most enzymes do not exchange electrons with electrodes
on which they are adsorbed, i.e., their redox centers are
neither electrooxidized at positive potentials nor
electroreduced at negative ones. Apparently, part of
the protein or glycoprotein shell surrounding the redox
centers is there to prevent indiscriminate electron ex-
change between the different redox macromolecules of
living systems. Such exchange would, in the extreme
case, lead to an equipotential system, which could not
sustain life. Another function of this shell is to stabilize
the structure of the enzyme. Because neither function
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is essential for catalysis, redox enzymes do function
when part of the shell is stripped!? or, as we shall see
here, when the shell is chemically altered so as to make
it electrically conductive.®*® Following such alteration,
a redox center of an enzyme will directly transfer
electrons to an electrode on which the enzyme is ad-
sorbed.>* We call the centers that increase the electron
current flowing through their shells by accepting and
transferring electrons “electron relays”.

The distance dependence of the rate of electron
transfer in proteins has been the subject of experi-
mental”!* and theoreticall®?! studies during the past
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decade. Because the process of electron transfer is, in
essence, an electron tunneling process,!” theories predict
and experiments show that the rate of electron transfer
decays exponentially with distance, when the distance
substantially exceeds atomic dimensions (>3 A). Thus,

kg = 1(Q13¢-8(d-8)o-(8G°+N)?/4RTA (1)

where kg is the rate of electron transfer, 3 is a constant
for a given electron donor/acceptor pair in a defined
medium, d is the distance between the donor and the
acceptor, —AG° is the driving energy, and A is the
Marcus reorganization energy. Most redox enzymes
have sufficiently thick protein or glycoprotein shells to
make the product 8(d - 3) large enough to decrease the
rate of electron transfer to a negligibly small value for
a random encounter between an enzyme and another
redox protein or between an enzyme and an electrode.

Function and Design of Electron Relays

Among the several electron-transfer theories, Marcus
theory translates the electron-transfer rate into simple
chemical terms.”!® Electron transfer will take place
when both the donor and the acceptor assume struc-
tural configurations that require no further reorgani-
zation upon electron transfer. The energy invested in
order to bring the pair to this structure is the Marcus
reorganization energy, denoted by A. At a given re-
organization energy, temperature, and distance and in
a given medium, the rate of electron transfer increases
when the process is exoergic (AG < 0), i.e., the electron
hops thermodynamically downhill from a reducing
center to an oxidizing center. The difference in the
energy of the system is nil for electron transfer between
compositionally identical ions in different oxidation
states. By measuring the rate of electron transfer within
a redox couple, one obtains its “self-exchange rate”. A
high self-exchange rate is indicative of a small reorg-
anization energy. Couples with small reorganization
energies are fast, i.e., exchange electrons rapidly with
electrodes. Thus, the best electron relays in biological
macromolecules are also fast redox couples. Further-
more, the faster the couple, the greater the allowed
distance at which a given current will flow between an
electron-donating center of an enzyme and an electron
relay based on this couple, and also between the relay
and an electrode. This current will increase when the
potential difference between the donor and the relay,
or between the relay and the electrode, is increased.
Usually only one of these two electron hops will be rate
controlling.

Of the experimental studies on electron-transfer rates
in proteins, those of Gray and colleagues’® are partic-
ularly relevant, because they provide quantitative in-
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formation about the distance dependence at varying
reorganization energies and potential differences. For
electron transfer between porphyrin-bound Fe?* centers
and histidine-bound [Ru(NH,);]**, they find 8 = 0.91
A1, or a 10-fold decrease in the rate of electron transfer-
upon each 2.1-A increase in distance. Thus for a protein
and donor-acceptor pair similar to that studied by Gray
et al., insertion of a layer of fast relays at half-thickness -
across a 30-A-thick protein film on an electrode may
increase the current, between a sheet of donors on the
solution side of the film and the electrode, by a factor
as large as 107.

The relationship between d, 3, A, and the potential
difference AV (AG = -eAV) is illuminating. Let us
consider a monolayer of a redox enzyme covering an
electrode and calculate, from eq 1, some d, A, and AV
values required for realizing the full enzyme-turnover-
limited current density. Glucose oxidase turns over at
ambient temperature at a rate of ~10%2s7!, i.e., it pro-
duces about 200 transferable electrons/s. Because its
radius is ~43 A, there can be up to 1.7 X 10!2 enzyme
molecules on the electrode surface. The current density,
when all redox centers are electrically well connected
to the electrode, may thus reach about 3.4 x 10
electrons s cm™, or 53 uA cm™2. At a 25-A distance
between the electron-transferring centers and the
electrode, it is possible to reach an electron-transfer rate
of 200 s! when A < 1.0 eV and AV < -0.3 V, or when
A<04eVand AV <0V. Ford = 20 A, electron
transfer will be effective even at AV =0.0 Vand A <
0.9 eV.” Thus with a fast relay, having a redox potential
substantially oxidizing with respect to the redox po-
tential of glucose oxidase, electron transfer with a typ-
ical reorganization energy of 0.5-1 eV may take place
across a distance as long as 25 A. With a fast, moder-
ately oxidizing relay, an electron-transfer distance of
20 A is realizable.

We can see why small redox proteins, of 2 X 10?
daltons or less, with effective hydrodynamic radii of less
than ~21 A can be directly electrooxidized or reduced
when adsorbed on electrodes and why glucose oxidase,
with 160000 Da, and a hydrodynamic radius of 43 A,1
cannot. Nevertheless, even in small proteins, with redox
centers that communicate directly with electrodes,
protein orientation is important. By selection of elec-
trode surfaces, or by modification of these with or-
ienting promoters, such as positively charged organic
or inorganic molecules or ions, the rate of electron
transfer can be enhanced.?>% We also see from the
relationships why a few large enzymes, after integration
of small redox proteins (e.g., cytochrome ¢) into the

(22) Yeh, P.; Kuwana, T. Chem. Lett. 1977, 1145.
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external part of their structure, are directly electroox-
idized or reduced on electrodes®* and why most large

+ enzymes, with deep redox centers, are not directly

electrooxidized or reduced on electrodes.
Glucose oxidase (GO) (EC 1.1.3.4) is an example of

" an enzyme of the latter type. This enzyme catalyzes

the transfer of electrons from glucose to oxygen, pro-
ducing gluconolactone and hydrogen peroxide (eq 2 and

" 3). The process involves the FAD/FADH, redox cen-

glucose + GO-FAD —= gluconolactone + GO -FADH; (2)
- 2~ +2H' —J
GO-FADH, + 0, —= GO-FAD + H0; (3)

L—ze‘ + 2H'-—’

ters of the enzyme. Glucose cannot be selectively
electrooxidized at an electrode on which the enzyme has
been adsorbed, because the product 8(d - 3) is excessive
for electron transfer to the electrode. Even at the most
anodic potentials that are accessible in aqueous solu-
tions, electrode reaction 4 cannot be driven. Reaction

GO-FADH, — GO-FAD + 2H* + 2¢ (4

3 takes place only because oxygen diffuses into the
protein, reducing d sufficiently to allow electron
transfer. In addition to oxygen, other oxidized members
of redox couples can diffuse into enzymes to accept
electrons from their redox (e.g., FADH,) centers. One
of the first studied may have been methylene blue.3+3

The physical parameters that define for enzyme
electrodes the effectiveness of bound electron relays
consisting of diffusing electron carriers are identical:
diffusing species are effective when they need not
penetrate the enzyme deeply for electron transfer; and
relays are effective when they can accept and transfer
electrons across substantial distances. In both cases,
we seek high self-exchange rates, though it is also
possible to increase the electron-transfer rates by in-
creasing AV. The list of effective diffusional electron
acceptors and donors includes ferrocene /ferncmlum
denvatwes,37 38 ruthemumz‘*/ 3* ammines;*® hydro-
quinones/ qumones, reducible and oxidizable compo-
nents of organic salts;*'4? and tungsten®*/5* and mo-
lybdenum®*/5* octacyanides.*?
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Figure 1. Top: When a native redox enzyme (e.g., glucose
oxidase) is adsorbed on an electrode, the electron-transfer dis-
tances are excessive for electrical communication between the
redox centers and the electrode. Bottom: Flow of electrons
through a relay from a redox center of an enzyme (glucose oxidase)
to an electrode. A current is observed when the substrate (glucose)
transfers a pair of electrons to an FAD center of the enzyme that,
in turn, transfers these either to a relay or to a molecular wire,
which then transfers the electrons to the electrode.

Bonding of Electron Relays to Enzyme Proteins

Our first study, aimed at establishing that the elec-
trical properties of enzyme proteins can be modified,
involved ferrocene ;za/ ferricinium carboxylate electron
relays (Figure 1).3%% Amide links were formed between
the carboxylate and part of the 42 lysine amine func-
tions of glucose oxidase through carbodiimide coupling
(eq 5).3% The reaction proceeds in an aqueous solution

CH,\N,CH,
|
CH:,\N CH Gy
| NH
(CH,)
c /OH [ /O\é
<K 0 <% |
(o] 1 o N
Fe + Icl ?H-:IT Fe |
CH.
V> ; < ¢
o ’
CH,
PH72
enzyme-NHz / 3 M urea CH3 \ ,CH3
\
- (CH
. <NH enzyme g‘ Hz)a
\o )
Fe + ?:O {5)
@ NH
o
CH,

at physiological temperature and pH. In the first ex-
periments, we were unable to reproduce reliably the
(occasionally observed) direct electrical communication
between the FAD/FADH, centers of glucose oxidase
and metal or graphite electrodes, via the enzyme-bound
relays. But after the enzyme protein was reversibly
(partially) unfolded by 2-3 M urea, we obtained re-
producible results. An average of 12 ferrocene functions
could be covalently incorporated in glucose oxidase.>®

(44) Hoare, D.; Koshland, D. E. J. Biol. Chem. 1967, 242, 2247.
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Figure 2. Cyclic voltammograms (current vs potential plots) for
electrodes made with (a) native glucose oxidase with or without
glucose; (b) glucose oxidase modified by covalent bonding of 12
electron relays per enzyme molecule in the absence of glucose;
(c) as in b, but at 0.8 mM glucose; and (d) as in b, but at 5 mM
glucose. Scan rate 2 mV/s.

After removal of the urea by gel permeation chroma-
tography, the relay-modified enzyme retained 60% of
its activity and communicated electrically with graphite,
glassy carbon, gold, and other metals. Communication
resulted in a glucose-concentration-dependent current
at or above the oxidation potential of the relay (Figures
1 and 2). The current was produced by a sequence of
electron-transfer steps: glucose reduced the enzyme’s
FAD centers to FADH,; the FADH, centers were re-
oxidized to FAD upon transferring electrons to the
ferricinium relays, reducing these to ferrocene; ferrocene
transferred electrons to the electrode and was reoxidized
to ferricinium. The greater the number of relays we
bound to the enzyme, the better its FADH, centers
communicated with electrodes.> This was also the case
in p-amino acid oxidase.*® The current in relay-mod-
ified glucose oxidase electrodes increased when glucose
was added to the solution (Figure 2) but did not change
when sucrose, other hexoses, or pentoses were added.®

Another effective glucose oxidase bound relay that
we and Bartlett and Whitaker54 studied was ferrocene
acetic acid, covalently bound to glucose oxidase lysines.
In a reaction sequence similar to that shown in eq 5,
21 relays were bound to the enzyme, further enhancing
electrical communication.*® Glucose oxidase was also
modified with ruthenium pentaammine relays, bound
coordinatively to histidine functions of the enzyme, or
to pyridine functions that were covalently bound either

(45) Bartlett, P. N.; Whitaker, R. G. J. Chem. Soc., Chem. Commun.
987, 1603.
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to tyrosines by azo links or to lysines through amide
links. These relays were less stable than the ferroc- _
enes.*®

Electrical Wiring of Redox Enzymes

When electron relays are bound to an enzyme, the
bulk of the enzyme does not become conductive.
Rather, electrons are preferentially conducted along
route